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Abstract 
For many years, classical grids have been the prime tool used to produce turbulence 
in the laboratory. Classical grids have been exhaustively tested and are found to 
produce reasonably homogeneous, isotropic decaying turbulence. A major draw- 
back with these grids is the low turbulence intensity and hence low Reynolds number 
flow they produce. Recently, researchers have been experimenting with different 
design grids (both active and passive) with the aim of producing larger Reynolds 
number flows than has historically been possible in the laboratory. 
In an innovative step, the work described here involves testing grids with fractal 
geometries. The concept of a fractal enables a complicated geometry to be described 
using only a few parameters. The work uses two-dimensional grids, which fill the 
tunnel cross-section and are able to force the flow at several different scales at once. 
By varying the grids' fractal geometry, it is possible to control how the forcing is 
distributed throughout the scales. 
Three different fractal grid designs have been tested, Cross grids, I grids and 
Square grids. Several of each type of grid have been manufactured and tested. All 
testing has been carried out at Imperial College using two wind-tunnels with working 
sections of 0.91m x 0.91m x 4.8m and 0.46m x 0.46m x 3.6m. Data is acquired on 
the centre-line of the turbulent wake that evolves downstream of the grids at speeds 
varying from 6-20m/s. Velocity signals are measured using the constant temperature 
anemometry technique. 
One aim of this research is to develop a simple, cheap, passive grid, which can 
produce high Reynolds number turbulence. Another aim is to investigate differences 
between fractal. forced turbulence and conventionally forced turbulence. 
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Nomenclature 
A Area M2 
b Bar Thickness M 
16 Forcing Exponent 
CAP Pressure Drop Coefficient 
D Drag Force N 
Df Fýactal Dimension 
15 Dissipation M2 
/S 3 
E Voltage Volts 
i Iteration Number 
K Decay Constant 
A Taylor Micro-Scale M 
L Length M 
M Grid Mesh Size M 
77 Kolmogorov Length Scale M 
P Pressure N/m 2 
P Air Density KgIM3 
a Blockage % 
R Reynolds Number 
RL Length Iteration Ratio Lj+llLj 
Rt Thickness Iteration Ratio tj+lltj 
t Thickness M 
t time secs 
T Wind Tunnel Size M 
P Viscosity Nslrn2 
ul x Component Fluctuating Velocity M/8 
U x Component Mean Velocity M/8 
U. x Component Velocity Upstream of M/8 
Grid 
v Kinematic Viscosity M2 
/S 
v) y Component Fluctuating Velocity M/8 
W) z Component Fluctuating Velocity M/8 
x Downstream Distance M 
Y Horizontal Distance M 
Z Vertical Distance M 
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Chapter I 
Introduction 
1.1 Introduction 
Turbulence is an aerodynamic phenomenon which is present in everyday life and 
plays a major role in many engineering applications, in the environment and also in 
biological systems. Usually, wherever a mechanical device is in contact with a fluid 
flow turbulence is found. That mechanical device could be a gas turbine blade, a 
tree in the atmospheric boundary layer, or an artery wall. 
The understanding and eventual control of turbulence would have a huge impact 
on the world. It would enable better weather prediction, lead to a fuller understand- 
ing of biological flows and enable many engineering devices to operate with a higher 
efficiency. Applied to engineering, the understanding of turbulence would result in 
the improved design of common technologies that directly or indirectly affect most 
peoples lives, devices such as heat exchangers, mixers and combustors. The po- 
tential benefits of improving flow control systems would improve the fuel efficiency 
and/or the performance of land, air and sea vehicles. It would also produce more 
economical and environmentally sound industrial processes, engines, wind turbines; 
indeed anything which involves fluid flow. 
1.2 Past Wind Tunnel Turbulence Grid Research 
Over the past century much effort has been invested into turbulence research. A 
large part of this work has involved carrying out experiments and making measure- 
ments of turbulence using hot wire anemometry. Although the precise origins of hot 
wire anemometry cannot be established, the first quantitative measurements of fluc- 
tuations in subsonic incompressible flows were made in 1929 by Dryden and Kuethe 
using constant current anemometry (Stainback & Nagabushana ). In 1934 Ziegler 
developed a constant temperature anemometer for measuring velocity fluctuations 
by using a feedback amplifier to maintain a constant wire temperature up to a given 
frequency. With these steps in technology the scope of experimental research was 
vastly increased. 
Decaying isotropic turbulent flow has long served as an important benchmark test 
case for turbulence theories, models and computer simulations. Probably the best- 
known data of decaying isotropic turbulence are provided by the grid experiments 
of Comte-Bellot & Corrsin 1966. In this work classical grids (2-D grids constructed 
from square or circular cross-section bars, eqi-spaced in vertical and horizontal rows 
to form a uniform mesh, see fig. 1.1) were mounted in a wind tunnel, just downstream 
from the contraction, and anemometry measurements of the downstream turbulence 
were made. 
Figure 1.1: Generic Classical Grid 
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Comte-Bellot & Corrsin 1966 (along with other works, summarised in Mohamed 
& Laxue 1990) showed that the turbulence produced by a classical grid is statistically 
stationary, decaying, and is approximately homogeneous and isotropic. It was also 
shown that the turbulence intensity decays as a power-law (i. e. u 12 , (X - XO)-n' 
where typically 1.0 <n<1.4 (Mohamed & Larue 1990)), and that integral lengths 
grow as a power law (ie L- (x - xo)- where typically 0.3 <m<0.53 (Comte- 
Bellot & Corrsin 1966)). These experimental results suggested that the turbulence 
followed the principle of permanence of large eddies (Comte-Bellot & Corrsin 1966, 
Risch 1995). A consequence of this principle is that the exponents of the turbulence 
intensity and the integral length development are related such that n= 2(1 - m), a 
result that is broadly in agreement with the experimental results of classical grids. 
The classical grid has been the mainstay of geometries used to produce turbu- 
lence in wind tunnels for the purposes of turbulence research. The grid itself is 
very simple in geometry and is inexpensive to manufacture. The simplicity of the 
geometry is such that any classical grid can be described by only two parameters; 
the ratio of bar thickness to mesh spacing (b/M), and the ratio of mesh spacing 
to tunnel width (M/T). This simplicity has enabled a uniformity in experiments 
that would be much harder to achieve with more complicated geometries. However, 
there are drawbacks to using classical grids to study turbulence, primarily the fact 
that they tend to produce low turbulence intensity flows. Unless large wind tunnels 
and/or high flow speeds and/or pressurised wind tunnels are used the low turbulence 
intensities result in low Reynolds number flows. The Reynolds numbers produced 
by most classical grid experiments are too low for comparisons to be made with 
theories such as Kolmogorov's famous -5/3 law (Kolmogorov 1941), which assumes 
very high Reynolds number flow. There are a handful of examples (Kistler & Vre- 
balovich 1966, Schedvina, Stegen, & Gibson 1974) of very large Reynolds number 
classical grid turbulence, but these were only achieved using very large, exceptional 
wind tunnels. 
There has long been scope to study turbulence grids of geometries different to 
the conventional classical design. The classical grid is only one geometry and there 
is no reason to assume that the turbulence it produces is the same as that produced 
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by other geometries. In other words, it is intuitively likely that turbulence is a 
function of its initial conditions. This possibility was confirmed by George 1992 
who showed turbulence to be a function of Reynolds number and initial conditions. 
In recent years other grid configurations (initial conditions) have been studied. One 
such configuration is an active grid (Mydlarski & Warhaft 1996, Kang, Chester, 
& Meneveau 2003). Such a grid is shown to produce high turbulence intensities 
and high Reynolds numbers but an active grid is very complicated and expensive, 
and is unlikely to ever have a real application due to its mechanical and control 
complexity, its expense, its external power requirement and the maintenance that 
it would require. Another recent novel design grid is the NORMAN grid (Pearson, 
Krogstad, & van de Water 2002), which is a passive grid whose geometry is that 
of a classical grid where every other hole has been blocked giving a chess board 
appearance. Like the active grid, the NORMAN grid produces high intensity, high 
Reynolds number turbulence. Whilst the active and NORMAN grids are unique, 
their geometries are still essentially based on that of a classical grid. Like the classical 
grid, these grids too suffer from having a simple repeated pattern geometry which 
fundamentally only consists of three length scales (T, M, b). Such geometrical 
simplicity is not often seen in the real world, either in nature or engineering, a 
classical grid based geometry may be an overly simple geometry with which to 
investigate real world turbulence. Introducing the concept of fractal geometry into 
the field of turbulence grids opens up the possibility of virtually limitless, entirely 
unique grid designs who's geometries are perhaps more akin to real world situations. 
The use of different fractal geometry grids as turbulence generators is an ideal way 
to systematically experimentally investigate the dependence of turbulence to initial 
conditions. 
All the above Classical grid based geometries produce turbulence that decays as 
a power-law with time/distance. Perhaps by departing from Classical grid based ge- 
ometries it will be possible to produce turbulence that does not decay as a power-law. 
The possibility of turbulence not following a power-law decay has been considered 
by Wang & George 2001 where equilibrium similarity solutions were derived for 
the spectral equations for decaying homogeneous turbulence in which the integral 
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scale is not allowed to grow. Under these circumstances it was found that instead 
of obeying a power-law decay, the turbulence decayed exponentially. Whilst ex- 
ponential decay has been measured in low temperature Helium (Smith, Donnelly, 
Coldenfeld, & Vinen 1993), the fluid used in this experiment was not considered 
to obey Navier-Stokes. The exponential turbulence decay predicted by Wang & 
George 2001 and Wang & George 2000 has yet to be experimentally confirmed, it 
is not beyond the realms of possibility that a geometry as novel and unique as a 
fractal grid could produce such a turbulence. 
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1.3 Previous Fýractal Grid Work 
In the 1980's Sreenivasan and his co-workers found evidence that turbulence has a 
multiple-scale flow field structure that is of a fractal/multifractal nature (Sreenivasan 
& Meneveau 1986, Sreenivasan, Prabhu, & Narasimha 1983). They were able to 
chaxacterise this multi-scale structure in terms of various fractal dimensions for a 
large variety of different turbulent flows. If it is true that turbulence has some kind of 
fractal structure and if this geometry is related to processes at the heart of turbulent 
flows, such as energy transfer and dissipation, then it should in principle be possible 
to modify these processes by modifying the fractal geometry of the turbulence. 
An attempt to modify the geometry of turbulence was made by placing 3-D 
fractal objects of differing fractal. dimension (Df) in a wind tunnel and studying 
the downstream turbulent wakes (Queiros-Conde & Vassilicos 2001). This approach 
differed from other turbulence experiments where the turbulence is usually only 
forced at large scales. The fractals forced the turbulence over a wide range of scales 
and the scaling of the forcing could be controlled by varying the Df of the object. 
Much was learned from these tests, but no concrete evidence that the fractal forcing 
was affecting the turbulence was found. It has been shown that quantities such as 
dissipation, spectra and structure functions are functions of Reynolds number (R, \), 
and that high R, \'s (of the order 1000) need to be reached before near asymptotic 
behavior is achieved (Mydlarski & Warhaft 1996, Pearson, Krogstad, & van de Wa- 
ter 2002). Queiros-Conde & Vassilicos 2001 did not measure the R, \ dependence of 
the structure functions that were measured downstream of the 3-D fractal objects. 
In addition, the R, \ achieved by the experiment was of the order 100, quite a low 
value, far below that required for near asymptotic behaviour. For the 3-D fractal 
objects, turbulence intensity was an increasing function of object Df, but because 
the different objets had different blockages it could not be concluded that it was 
the fractal geometry that was affecting the turbulence (Batchelor & Townsend 1948 
& Corrsin 1963 showed that the turbulence intensity of classical grids is a function 
of the turbulence generator blockage). In summary it was concluded that the flow 
downstream of the 3-D fractal objects was inhomogeneous (the finite size of the ob- 
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jects produced an external wake) and had very high turbulence intensities. The level 
of turbulence intensity was so high that Taylors hypothesis could not be invoked, 
except at locations which were very far downstream. 
A numerical simulation of fractal forced turbulence was carried out by Mazzi, 
Okkels, & Vassilicos 2002. In this work fractal forcing was simulated by setting 
forcing to be a power law of wavenumber (f,, , k,, 13) in a reduced mode model 
of turbulence (specifically a GOY shell model). Structure functions and structure 
function exponents were measured and found to be increasing functions of 0. How- 
ever, because the GOY shell model is a model of turbulence, there is no guarantee 
that it can predict reality, particularly in situations as unprecedented as turbulence 
generated by fractal grids. 
In an attempt to confirm the numerical results of Mazzi, Okkels, & Vassilicos 
2002, Staicu, Mazzi, Vassilicos, & van de Water 2003 repeated the turbulent wake 
experiment of Queiros-Conde & Vassilicos 2001, but orientated the 3-D fractal ob- 
jects in such a way as to minimise as much as possible the large scale wake of the 
objects and improve the flow homogeneity. Again, no systematic R. \ survey was car- 
ried out, but modest R, \'s of up to 650 were achieved. Longitudinal measurements 
of energy spectra and structure functions were taken far downstream where the tur- 
bulence intensity was sufficiently low for Taylor's hypothesis to be valid. Transverse 
measurements, which did not require Taylor's hypothesis, were also taken. It proved 
difficult, in spite of all the precautions taken, to separate the large scale effects from 
potential effects of object Df. Some evidence that the objects Df was affecting the 
dissipative range of the energy spectra was found, but the turbulence intensities 
were sufficiently high (and different between objects) that it was equally possible 
that the effects seen may have simply been caused by the high turbulence intensities. 
Although no concrete results were found from the past experimental work of 
Queiros-Conde & Vassilicos 2001 and Staicu, Mazzi, Vassilicos, & van de Water 2003, 
valuable lessons were learned and they have paved the way for the new generation 
of experiments described in this report. 
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1.3.1 Present Work: Motivation and Objectives 
The turbulence produced downstream of Classical grids has been fairly well doc- 
umented. There is a need to investigate new turbulence generators with different 
geometries in an attempt to find grids whose performance will give a better insight 
into the behaviour of turbulence. In addition it is highly desirable that unlike Clas- 
sical grids, newly invented turbulence generators should have real world engineering 
applications. 
Perhaps the most important parameter used to characterise any fluid flow is 
the dimensionless ratio of inertial forces to viscous forces, known as the Reynolds 
number. Real world flows tend to have large Reynolds numbers (ie weather, aircraft, 
ships) so there has always been a drive to try and study high Reynolds number flows. 
There are several turbulence theories that describe what happens at very large 
Reynolds numbers, but because historically it has proved to be difficult to achieve 
large Reynolds numbers in the laboratory such theories have never been absolutely 
confirmed by experimental measurements. In addition, it is not clear exactly how 
high a Reynolds number should be before such theories could be expected to be 
valid. It has been shown that such theories do not accurately describe low Reynolds 
number turbulence behaviour (as confirmed by the experimental observations of 
Mydlarski & Warhaft 1996 & Pearson, Krogstad, & van de Water 2002) nor do they 
describe how turbulence behaviour varies with Reynolds number. It is therefore 
desirable that future laboratory turbulence experiments should not only achieve 
high Reynolds numbers (in order to validate existing theories such as Kolmogorov), 
but they should also span a large Reynolds number range in order to further the 
understanding of how turbulence evolves with Reynolds number. 
Historically, gid turbulence has been used solely as a research tool to further the 
understanding of turbulence. It seems a pity that when not dissimilar geometries to 
classical grids are used every day in real engineering applications for mixing, heat 
exchangers etc that no direct engineering application has been found for classical 
grids. It is a key aim of this work that any new grid geometries that are produced 
are designed to be likely to have real applications. Simple criteria that will ensure 
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that real world applications of the grids will not be ruled out are ensuring that the 
grids are simple, passive, cheap, light and strong. 
It is the aim of this work to design completely unique turbulence generating 
fractal grids, to carry out exhaustive wind-tunnel testing of them, and to document 
the behaviour of the resulting turbulence produced downstream. There is no reason 
to assume that the turbulence produced by a grid of a certain geometry is the same 
as that produced by another geometry. This important idea (that turbulence is a 
function of initial conditions) was first considered by George 1992. Fractal grids 
are the ideal framework for conducting an experiment designed to systematically 
investigate how initial conditions (the grid geometry) impact turbulence. A powerful 
characteristic of fractal's is that their apparently complicated geometry (and hence 
the turbulence initial conditions) can be described by only a few parameters. It is 
anticipated that use can be made of this fact, and that it will be possible to show how 
key turbulence parameters are affected (controlled) by the geometric parameters of 
the grids. 
For simplicity, because the field of fractal geometry turbulence generators is in 
its infancy, it makes sense to concentrate on simple, cheap, passive grids before 
moving onto active designs. It also makes sense to concentrate on 2-D objects, 
before investigating 3-D objects. 
The ultimate goal is the development of a new type of grid; one that is cheap, 
light, can be geometrically described with only a few parameters, and that has the 
potential to further the understanding of turbulence and/or to be able to create a 
desired turbulence (as controlled by the grids geometric parameters) for use in real 
world engineering applications. 
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1.4 Thesis outline 
Reported here is an extensive study of 2-D fractal grid generated wind tunnel turbu- 
lence. A total of twenty two grids pertaining to three different fractal families and 
two different wind tunnels have been used. The presented work is a first exploration 
into the field of 2-D fractal grid generated turbulence and as a consequence many of 
the reported results may just be indicative and may call for further investigations 
if definite interpretations are to be reached. Nevertheless, the direction of potential 
further investigations and reasons for why they may be worthwhile are clear in the 
conclusions. 
A description of how the fractal grids used in this work were designed is given in 
Chapter 2. Chapter 3 explains the principles of thermal anemometry and describes 
the details of experimental apparatus, and methods of data acquisition and data 
postprocessing that were used in this work. Chapters 4,5 and 6 cover the bulk 
results of the Cross, I and Squaxe grids respectively, focusing in particular on how the 
turbulence evolves downstream of the grids and how key turbulence quantities (such 
as turbulence intensity and integral lengths) scale with grid geometric parameters. In 
Chapter 7 Reynolds number dependencies of spectra and dissipation coefficient are 
reported as are coherences, which indicate how anisotropy is distributed throughout 
the scales. Finally, conclusions are drawn and suggestions for further work are made 
in Chapter 8. 
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Chapter 2 
Grid Design 
2.1 Fractal Grid Design 
Fractal grids are 2-D geometries built up from several iterations of a common motif 
(shape). This motif is repeated an increasing number of times at decreasing scales. 
For simplicity (both design and manufacturing), the only geometries considered 
here are ones that can be composed of rectangles. For a fractal of rectangles con- 
sisting of N iterations, each iteration (j) consists of Bi rectangles (B is the base 
number) whose lengths and thicknesses are Lj and tj respectively. 
fteraton 
0 
0- 40 40 40 
40 40 0 
40 0 40 0 
0 0 * 40 0 0 40 
Figure 2.1: General Rectangle Fractal 
In the convention used here the first iteration is numbered as 0 and the final 
iteration as N-1. The first iteration consists of one rectangle, the second iteration 
consists of B smaller rectangles. This process is repeated with an increasing number 
(Bj) of decreasing sized rectangles being added to the fractal. until the final iteration 
i= 
Two parameters are defined which describe how the length and thickness of each 
iteration is related to that of the previous iteration: 
Lj+l = RLLj 
tj+l = Rttj (2.2) 
RL and Rt are the length and thickness iteration ratios respectively. 
The length and thickness of each iteration axe related to the initial length and 
thickness: 
Lj = RL3 
. Lo (2.3) 
tj = Rtj to (2.4) 
The area of each iteration is simply the length multiplied by the thickness mul- 
tiplied by the number of rectangles: 
Aj = Lj tj Bi = RdLoRtitoBi = Loto(RtRLB)i (2.5) 
Recalling the summation of a finite geometric series, by summing the areas of all 
iterations, the total area of a fractal gid is: 
N-1 N-1 (1 - (BRtRL 
)N) 
E Aj =E Loto(RtR, B)i = Loto (1 - BRLRt) 
(2.6) 
j=o j=o 
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2.2 Blockage Distribution 
2.2.1 3L & 3t Definition 
Two parameters are now introduced which describe the way in which area is dis- 
tributed throughout the different scales of a fractal. 
For a fractal geometry built up from rectangles, there are two length scales 
(length and thickness) and an area associated with each iteration. These lengths 
aýd areas obey a power law relationship: 
Aj (Lj)-'3' 
Ao Lo 
(2.7) 
Aj j) -'3' 
= 
(L 
(2.8) To to 
where, 8L andOt describe how the area is distributed throughout the different length 
and thickness scales of the fractal. 
Using eqns. 2.5,2.7 and 2.8 it can be shown that: 
In 
(ýj-) 
= In 
(LI)+ 
In 
(L) 
+j In B=-, 3L In 
(R )=-, 
8t In tI) (2.9) 
Ao Lo to Lo to 
which can be rearranged to give: 
OL + 
lnB 
+ 
lnRt ) 
(2.10) 
lnRL lnRL 
+ 
lnB 
+ 
InRL) 
(2.11) 
lnRt InRt 
The way in which area is distributed throughout the different iterations is a function 
of B, RL, Rt and is independent of N, total area, Lo and to. 
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2.2.2 Special Case when RL = 0.5 and B=4 
Substituting RL = 0.5 and B=4 into eqns. 2.10 and 2.11 results in more specific 
equations. 
(2.12) + In2 
ot 
(1 
+ 
ln2 ) (2.13) 
lnRt 
Combining these gives: 
Ot -- 
A 
(2.14) 
i -, 3L 
These equations can be plotted to show how the, 3's behave as a function of Rt. 
CC3. 
Figure 2.2: Dependence of 3 with Rt (RL = 0.5, B= 4). 
It will be seen later that RL = 0.5, B=4 has been used for many of the grids 
tested in this work and as such the above equations (and accompanying plot) are 
worth presenting. 
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2.2.3 Relation Between 3t and t, and OL and L, 
The ratio between the largest and smallest thickness scales present in the grid is 
defined as t,. For purposes of clarity, from this point the minimum and maximum 
thicknesses will be referred to as tmin and tmax respectively. It can easily be shown 
that: 
tr = 
tmax 
= 
to toRto 
- Rt 
(1-N) 
tmin t(N-1) ToRt (N-1) 
Therefore: 
I 
Rt 
(2.15) 
(2.16) 
Repeating the above analysis on lengths instead of thicknesses it can be shown 
that: 
Lr = 
Lmax 
= 
Lo LoRLO 
= 
RL (I-N) 
Lmin L(N-1) LORL (N-1) 
Therefore: 
I- 
RL = Lr 7 
P-' 
(2.17) 
(2.18) 
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2.3 Detailed Design 
Up until this point fractal. geometries have been considered in a very general, almost 
abstract manner. Nothing has been said about how the different iterations are 
orientated or positioned in space. In this section all the details required to fully 
design a fractal grid are described. 
A real grid has to have structural integrity (ie all pieces have to be connected, 
not floating in space). A shape parameter S is now introduced which describes the 
number of rectangles in a shape. Three simple examples of geometries which have 
different shape parameters are shown below. 
+ T, [: 1 
Figure 2.3: Examples of motifs, S=2,3,4 
The first shape (a cross) consists of 2 rectangles, the second shape (an I) consists 
of 3 rectangles and the final shape (a square) is made up of 4 rectangles. 
Taking these shapes as basic 'motifs' for fractal grids and choosing the base 
number B to be four, three different types of grid can be designed. 
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2.3.1 Cross Grids 
2.3.1.1 Design Description 
Figure 2.4: 4 Iteration Generic Cross Grid 
A Cross grid is built from different sized crosses. The first iteration consists of 
one cross which is the size of the tunnel, ie LO = T. The second iteration consists 
of four crosses of length T/2 which are located in the four spaces left by the first 
iteration. The process is repeated with an increasing number of decreasing sized 
crosses being placed in the holes left by the previous iterations. 
By definition, for any Cross grid S=2, LO =T and RL = 0.5. The entire 
geometry of any Cross grid geometry can be described by 4 parameters: 
Cross Grid Geometry = function(T, N, t, Rt) (2.19) 
It should be noted that for Cross grids, as Rt --+ 1.0, the geometry approaches 
that of a classical grid, for which OL = 1.0,3t = oo, t, = 1.0 . 
2.3.1.2 Special Case - Classical Grid 
A Cross grid where Rt = 1.0 results in the classical grid geometry (all bars have 
the same thickness). Applying the Cross grid analysis results in the minimum pa- 
rameters required to describe any classical grid geometry being: T, N, to. These 
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axe equivalent to the traditional parameters used to describe a classical grid geom- 
etry (the bar thicknesses (b), the mesh length (M) and T) as b= to and when 
considered as a fractal geometry, M= T/2 N. 
Figure 2.5: Generic Classical Grid 
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2.3.2 1 Grids 
2.3.2.1 Design Description 
An I grid is built from different sized I shapes. The first iteration of the grid consists 
of one I shape. The second iteration consists of four smaller I's located at each of 
the four horizontal ends of the first I shape iteration. This process is repeated with 
an increasing number of decreasing sized motifs being placed at each of the ends of 
the horizontal bars of the previous iteration. 
Figure 2.6: 4 Iteration Generic I Grid 
By definition, in the I grid S=3 and there is a requirement that the grid fills 
the wind tunnel. 
N-1 N-1 
(N-1) (1 - 
RLN) 
(N-1) T=1: Lj + tN-1 = Lo 1: R2 + toRt = Lo i---R + toRt (2.20) 
j=O j=O 
(1 - RL) 
Typically T >> t(N-1) therefore: 
T= Lo 
(1 - 
RL N) 
(2.21) 
(1 - RL) 
For a given T, LO is primarily a function of RL- 
The geometry of any I grid is defined by the lengths and thicknesses of each 
iteration. 
40 
I Grid Geometry =f unction(Lj, tj) (2.22) 
Each Lj is a function of RL, j and Lo (eqn. 2.3), hence all the lengths present in 
the grid can be described by LO, RL and N. The requirement that the grid fills the 
wind tunnel (eqn. 2.21) allows T to replace RL. 
Lj = function(LO, N, RL) = function(LO, N, T) (2.23) 
Each thickness is given by: 
tj = Rt' to (2.24) 
and accordingly, the minimum thickness (t,, i,, ) is given by: 
t,,, i,, = Rt 
N-1 to (2.25) 
By knowing t .. j, to and N, Rt is known, and hence so are all thicknesses. 
tj =f unction(to, N, tmin) (2.26) 
The minimum variables that are required to describe the geometry of the I grids 
are: 
I Grid Geometry = function (T, N, L,,, tn,,, tmin) (2.27) 
2.3.2.2 Geometrical Constraints 
To ensure that the geometry does not overlap itself, certain conditions must be 
satisfied. To prevent the smallest iterations overlapping the vertical part of the first 
iteration: 
N-1 
2ELj+ to< T (2.28) 
j=l 
To prevent the smallest iterations overlapping the horizontal parts of the first iter- 
ation: 
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N-1 N-1 
2 1: Lj +to < 1: Lj (2.29) 
j=2 j=l 
These equations simplify respectively to : 
to 
< 
(1 - 2RL + RL 
Lo (1 - RL) 
(2.30) 
L2 
N) to 
< 
(RL - 2R, + RL (2.31) To- (1 - RL) 
The parameters RL, N and T are related through the requirement that the grid 
fills the tunnel (eqn. 2.21) therefore the above equations determine a maximum to 
possible for a given grid. 
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2.3.3 Square Grids 
2.3.3.1 Design Description 
A Square grid is built from different sized square shapes. The first iteration of the 
grid consists of one square. The second iteration consists of four smaller square's 
located at each corner of the first iteration. This process is repeated with an increas- 
ing number of decreasing sized motif's being placed at the corners of the previous 
iteration. 
Figure 2.7: 4 Iteration Generic Square Grid 
By definition, in the Square grid S=4 and there is a requirement that the grid 
fills the wind tunnel. 
N-1 (I - 
RL N) (N-1) T=E Lj + tN-1 = Lo (1 - RL) 
+ toRt (2.32) 
j=o 
Typically T >> t(N-1) therefore as is the case for I grids: 
T=- Lo 
(1 - RL 
N) 
(2.33) 
(1 - RL) 
In the same way as was done for the I grids it can be shown that the minimum 
variables that are required to describe the geometry of the Square grids are: 
Square Grid Geometry = function(T, N, tmaxi tmin) (2.34) 
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2.3.3.2 Geometrical Constraints 
There is a no overlap condition which requires that the smallest iterations don't 
come into contact with the largest iteration: 
N-1 N-1 
21: Lj+to < ELj (2.35) 
j=2 j=l 
this equation simplifies to : 
to 
< 
(RL - 2RL 
2+ RL N) 
(2.36) To' (1 - RL) 
This condition determines a maximum to possible for a given grid. 
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2.4 Calculating the Total Blockage of a Fractal 
Grid 
The blockage (a) of a turbulence grid is defined as the ratio of area that is blocked 
by the gid compared to the total area of the grid, ie: 
or = 
GridArea 
(2.37) T2 
The blocked area of each iteration of a fractal grid is given by: 
Aj = SLj tj Bi (2.38) 
The total blockage of a fractal grid is the sum of each iteration blockage: 
N-1 N-1 
EAj=S I: L., tj Bi (2.39) 
j=o j=o 
which can be rearranged to give: 
uT 2= StoLo 
(1 - (BRtRL )N) (2.40) 
(1 - BRLRt) 
2.5 Calculating the Perimeter of a Fractal Grid 
To a first approximation (ignoring overlap regions between the different iterations) 
the perimeter is given by: 
N-1 N-1 
PE 2SBj(Lj + tj) = 2S E Bj(LoRLj + toRti) (2.41) 
j=o j=o 
N-1 N-1 
P= 2SLO E BjRLj + 2Sto E BiRti (2.42) 
j=o j=o 
P= 2SL 
1- (BRL) N 
+25t 
(1-(BRt) N 
(2.43) 
(1- 
BRL 
)I- 
BRt 
It is generally true that to << Lo, therefore: 
P= 2SL 
1- (BRL) N (2.44) 
(1- 
BRL 
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2.6 Calculating an Effective Mesh Length of a 
F'ractal Grid 
It was considered that it may be useful to be able to compare the geometry of fractal 
grids to that of classical grids. A method of calculating an effective mesh length of 
a fractal grid is described below. 
For a classical grid, the mesh length is clearly defined, it is simply the spacing 
between the parallel bars that make up the geometry. It can be shown that the 
mesh length is a function of the grids blockage and perimeter. 
___IlL 
-I 
I -I III 
Figure 2.8: Classical Grid Geometry 
By analysing fig. 2.8 it can be shown that a classical grid with mesh length M 
and thickness b has a blockage (or) given by: 
b (2 b (2.45) - ýq 
The perimeter of a single mesh cell is simply 4 (M-b), or 4M (I - -L). The number M 
of meshes present in a grid is given by (T/M)', therefore the total perimeter (P) is 
given by: 
b)gb 
U U)2 i7) 
E P=4M (i -=4 
(1 
-M (2.46) 
Rearranging this in terms of -L gives: M 
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(1- 
T2 
(2.47) m4p) 
Plugging this into eqn. 2.45 gives the blockage as a function of mesh length, grid 
perimeter and tunnel size. 
m2p2 
or= -- 
16T4 
(2.48) 
Finally, this can be rearranged to give the mesh length as a function of grid blockage, 
perimeter and tunnel size. 
4T 2 
%/1 --0, (2.49) p 
By definition, a fractal grid has many different sized scales, by relating the area 
of any grid to its perimeter (as done above) it is possible to calculate an 'average' 
(effective) mesh length. 
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2.7 Calculating the Fractal Dimension of a Grid 
A geometry is fractal if a satisfactory range exists where: 
N(L,, ) - 
Ln (2.50) -L'f 
(Lauwerier 1991), where N(L,, ) is the number of boxes of size L,, required to cover 
the geometry. For the analysis here, the range considered is LN-1 < L, <T. 
The below analysis is based on the technique used by Queiros-Conde & Vassilicos 
2001 to calculate the Df of the 3-D objects used in that work. All equations had to 
be suitably modified to be applicable to the 2-D, different S grids used in this work. 
The box counting is considered in three stages, when the box size (L,, ) is larger 
than any gaps in the geometry, when L,, > tj, and when L,, < tj. 
When the box size (L,, ) is larger than any gaps in the geometry, ie: 
N-1 
L, >T-2E Lj - 
2tN-1 (2.51) 
j=1 
then, trivially: 
N(L,,, ) 
T)2 (2.52) T. - 
When L,, > tj the number of boxes of size L,,, needed to cover a branch of 
dimension Lj and tj is L, and the general equation describing the number of boxes Ln 
needed to cover a grid is: 
N(Ln) =S 
n-1 
Bi 
Lj 
+Bn 
(Ln )2 
(2.53) E in Ln 
j=0 
A,, is a cumulative length such that: 
An = 
N-1 N-1 n-I 
= LoRL 
(RL n- RL N) 
(2.54) 1: Li =E 
Li - 
1: Li 
1- RL 
j=n j=o j=o 
Recalling the summation of a geometric series, eqn. 2.53 can be written as: 
S ((BRL)n RL N-n)2 
N(Ln) -jýF 
Ln 
ý BRL-1 
+ Bn 
1-RL 
(2.55) 
When L,, < tj the number of boxes of size L,, needed to cover a branch of 
dimension Lj and tj is not -L but is -LIL, and the general equation describing the Ln Ln Ln 
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number of boxes needed to cover a grid is: 
C-1 n-I 
n 
(An)2 
N(L,, ) =S1: Bi -Lj -tj + 
1: Bi -Lj +B (2.56) 
(j=o 
Ln Ln 
j=c 
Ln) Ln 
c is the value of j at which L,, = tj and is given by: 
C= 
ln(to/Lo) 
+n 
In Rt (2.57) 
In RL In RL 
Recalling the summation of a geometric series, eqn. 2.56 can be written as: 
N(Ln) = SAn +Bn 
1-RL N-n)2 (2.58) 
( 
1-RL 
here: 
An ..: 
to (BRtRLY - 1) +(1) 
((BRL)n _ (BRLY (2.59) 
LoA' r? L 
2n 
( 
BRtRL -1 (BRL - 1) 
RL n 
By using eqns. 2.52,2.55 and 2.58, when the relevant Ln criteria (eqn. 2.51, 
Ln > tj and Ln < tj respectively) were met, plots of N(Ln) vs Ln were produced 
(fig. 2.9). In addition, a box-counting computer program was written to numerically 
calculate N(Ln) vs Ln. The results of the equations agreed well with the results of 
the computer program and consequently Df values were determined from the best-fit 
slopes of the plots shown in fig. 2.9. 
It is important to note that both the equations and the computer program have 
limitations and as such can only estimate Df. The equation simulates a 'perfect' 
box covering ie if a branch is 2.5 times the length of a covering box then the equation 
will calculate that 2.5 boxes are required to cover it. In reality it is not possible to 
have 2.5 boxes, 3 would be required, the equation will underestimate. The computer 
program works by laying a square mesh of the required box size over the geometry. 
It then counts the number of boxes that are covering the fractal. This method 
overestimates the number of boxes required to cover a geometry as it makes no 
attempt to arrange the boxes efficiently. 
As n increases, the main term in both eqn. 2.59 and eqn. 2.55 becomes B', 
implying a fractal dimension: 
DI - 
log(B) (2.60) 
log(11RL) 
This result, although a fairly crude approximation, describes Df and RL behaviour 
qualitatively well. 
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Df (fig. 2.9) 1.98 1.87 1.79 1.68 
Df (eqn. 2.60) 1.86 1.75 1.63 1.42 
Table 2.1: Quantitative Differences Between Accurate and Simplified Df 
Analysis of the Six Iteration, 3' 1 Grids. 
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Figure 2.9: Df Determination of the Six Iteration, 3' 1 Grids. 
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2.8 Summary 
It is important to note that while this chapter is very useful for understanding the 
design of fractal grids, many of the equations are not exact (they do not allow for 
regions of overlap between iterations and some equation simplifications omit terms 
involving t .. j,, because both T and LO > t, i,, ). The equations were not and should 
not be used to accurately calculate geometrical parameters of fractal grids. In this 
work, the geometries of all the grids were defined and computer programs were 
written to numerically calculate all the geometrical parameters. 
The key parameters of a fractal grid are Df, PL, 8t, Mff and a. Df describes 
how 'space-filling' (homogenous) a grids is, it is governed by RL- 3L and Ot describe 
the way in which blockage is distributed throughout the different scales (iterations) 
of a grid and axe both functions of RL and Rt. Mff is a measure of an average 
geometrical length scale of the grid and is governed by N. The blockage is primarily 
determined by to, N and Rt. 
All previous classical grid research has been carried out with a geometry which 
always has the same, 3t, PL and Df values (oo , 1.0 and 2.0 respectively). 
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Chapter 3 
Experimental Apparatus and 
Procedures 
This chapter describes the experimental apparatus and the measurement equipment 
and techniques used in this work. All the experiments were carried out in the 
Aeronautics Department at Imperial College London. 22 turbulence grids were 
tested in total. 1620 hot-wire signals were recorded to obtain 1390 velocity signals. 
The data used in this thesis was acquired during testing that was carried out between 
19 September and 24 October 2004. 
3.1 Wind Tunnels 
Testing was carried out in two different wind tunnels. In both tunnels, the grids 
were located at the start of the working section, just downstream of the contraction 
(figs. 3.1 and 3.2). To minimise disturbances to the flow, any imperfections (holes 
or protrusions) in the tunnels were blocked up or sanded smooth. 
The Wx 3' tunnel is a recirculating wind tunnel with a test section of 0.91 x 0.91 m2 
cross section and a length of 4.8 m, equivalent to 5.2 T. The tunnel was designed 
to be used for turbulence research, so has a low background turbulence level (mea- 
sured to be 0.25%). It is powered by a 40 b. h. p. (28.9 KW) electric motor, there 
is a contraction ratio of 9: 1 and when empty, the tunnel has a maximum speed of 
45m/s. 
err loerrM2 
Geld 
TestSecdon 
guide Vanes 
-JJ 
Contraction 
Figure 3.1: 3' x 3' Tunnel Schematic 
The other tunnel, located in the Turbulence Laboratory is a conventional open- 
circuit wind tunnel, with a 3.6 m long plywood and perspex working section with 
a cross-section of 18" x 18" (0.46 x 0.46 m'). The working section of this tunnel is 
effectively longer than that of the 3' tunnel, having a length of 7.8 T. The tunnel 
has a maximum speed of 33 m/s when empty (28 m/s with a 30% blockage classical 
grid in it) and a background turbulence intensity of 0.4%. The tunnel is powered 
by a single-inlet centrifugal blower, driven by a 2.9 b. h. p. (2.1 KW) D. C. motor. 
The air is fed into a wide angle diffuser and then, after passing through a settling 
chamber, enters a nozzle with a 7: 1 contraction ratio. 
Grid 
COFWractk)n 
TW tftdm 
Figure 3.2: 18" x 18" l'unnel Schematic 
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3.2 Hot Wires 
3.2.1 Principle of Operation 
A velocity sensor used for hot-wire anemometery consists of a very thin (typically 
5 pm in diameter) metal wire which is heated by an electrical current. When the 
sensor is exposed to a flow of air, the wire cools and its resistance changes. This 
change is compensated for by an electronic bridge that tries to maintain a constant 
wire temperature by adjusting the voltage across the wire accordingly. The extent 
of this adjustment reflects the velocity of the flow at the sensor location. If the 
hot-wire has a low thermal inertia and the electronic circuitry has a high frequency 
response this technique can be used to measure the rapid velocity fluctuations found 
in turbulent flows. When used to take such measurements this technique is called 
constant temperature anemometery. 
jL-wU 
v 
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U+u 
Figure 3.3: Hot-Wire Cooling Velocity Vector 
The cooling of a heated wire is insensitive to the direction of the oncoming flow 
in the plane perpendicular to the wire. However, if there is a laxge mean flow in 
this plane, then the component in the direction of the mean flow can be detected. 
Fig. 3.3 shows the velocity vector that determines the cooling velocity sensed by the 
wire, it consists of mean (U) and fluctuating (u, v) velocity components and has a 
magnitude: 
Uwire = 
((U + U)2 + V2 ) 
12 
which to a first order (if u<U and v c, - u, then v' -- uv < U) simplifies to: 
U, i,,, =U+u (3.2) 
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Hence, a single wire can unambiguously sense the U velocity component if turbulent 
fluctuations are much smaller in magnitude than the mean fiow. 
By mounting two hot wire probes in close proximity to one another at different 
angles to the oncoming flow it is possible to resolve two components of the fiuctuating 
velocity. Such a probe is called an x-wire (fig. 3.4). 
=1 
Figure 3.4: X-Wire Schematic 
3.2.2 Wire Details 
A thermal sensor used for turbulence measurements is unable to resolve turbulence 
scales that axe smaller than the sensor length. To maximise the spatial resolution 
of a sensor it's physical size should be minimised, however other factors have to, be 
considered when selecting the geometry of a hot-wire and compromises have to be 
made. 
A short wire provides high spatial resolution and suffers from low aerodynamic 
loads, however if the ratio of wire length to wire diameter (1,,, Id,,, ) is too low, sig- 
nificant conduction heat loss occurs to the wire stubs and prongs, which can result 
insignificant decreases in the wire frequency response. 
Small diameter probes minimise possible noise that may be caused by separated 
flow around the sensor, they also have a good frequency response due to their low 
thermal inertia. 
Whilst small probes are desirable due to their high spatial and frequency res- 
olution, the smaller a probe is the more susceptible it is to damage/breakage and 
particle contamination (whereby tiny particles reduce the heat transfer of the hot- 
wire and cause a calibration shift). There is a practical need for probes to have a 
certain level of strength, which can be obtained either by using a large wire or by 
manufacturing the wire from a strong material. However, other physical properties 
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(besides strength) of a hot-wire material need to be considered (see table 3.1 for var- 
ious properties of common hot-wire materials). For instance, it would be pointless 
to use a strong material which enabled the manufacture of a small (excellent spatial 
resolution) probe if the material used had a high thermal inertia, any potential gain 
in spatial resolution may be undermined by a drop in frequency response. 
Li, McKeon, Jiang, Morrison, & Smits 2004 showed that the temperature dis- 
tribution of a hot-wire depends on the 1,,, Id,,, ratio, the stub length, the material 
used and the wire Reynolds number, Re,.,. They concluded that for platinum hot 
wires, to prevent excessive conduction heat loss the condition I.,,, Id,, > 200 should 
be satisfied. 
Material Pt Pt/Rh (90-109a) Pt/Ir (80-20%) W Ni 
Tensile strength (MPa) 300 600 1320 2500 650 
TemPerature Coefficient of Resistivity (K-1) 0.0038 0.0010 0.0007 0.0036 0.0064 
Re8istivity at 20'C (p fl cm) 10.2 18.9 32 7.0 6.6 
Thermal CDnductivity (Wm-K-1) 69 50.1 25.5 178 90.5 
Melting point (K) 2043 2103 2113 3683 1513 
Specific Heat Capacity (kJ kg-I k-1) 0.0314 0.0354 0.032 0.033 0.105 
Density (kg? n-S) 21450 19950 21610 19300 8900 
Table 3.1: Physical properties for common hot-wire materials: platinum 
(Pt), platinum/rhodium (Pt/Rh), platinum/iridium (Pt/Ir), 
tungsten (W) and nickel (Ni) (data from Dantec Dynamics) 
The hot-wires used in this work were manufactured from wollaston wire consist- 
ing of a5 pm diameter, platinum alloy core (10% Rhodium) coated with silver up 
to an external diameter of 20-25 pm. All hot-wire probes were made and repaired 
in house by the author. The wires were soft-soldered to the top of the wire holder 
prongs. The sensing element was then obtained by etching away a central portion of 
the silver coating in an electrolytic nitric acid bath. The resulting platinum element 
was roughly 1 mm long, giving a sensing length to diameter ratio of 200. 
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3.2.3 Limitations of Finite Size Hot-Wires 
The finite size of a hot-wire acts as a spatial filter, the effect of this filtering on the 
acquired data should be understood as it is potentially significant. 
A turbulent flow consists of motions spanning a broad range of spatial scales, 
the effect each scale of motion has on the flow depends on the overall flow. The 
largest scales (of the order of the integral length) contain most of the energy, and 
the smallest scales, (which are factors smaller than the energy containing scales) 
dissipate the turbulent energy. Motion at the dissipative scales is of considerable 
interest as it is thought that these scales (in large Reynolds number flows) adopt a 
universal form. 
Normally the hot-wire dimension is much smaller than the energy containing 
scales, resulting in accurate resolution of the large scale turbulent structure, but 
this is not the case at the smallest scales. When measuring the small scales it is not 
the absolute size of the probe that is important but the size of the probe relative 
to the Kolmogorov length scale (77). It becomes increasingly difficult for hot-wire 
dimensions to match q in laboratory turbulence, where large turbulent Reynolds 
numbers are usually obtainable only with high speeds. An unfortunate consequence 
of increasing wind tunnel speeds is that q becomes smaller. In such cases the size of 
the hot-wire compared to 77 makes knowledge of the spatial transfer characteristics 
of hotwires important. 
Much work has been carried out on the effect of finite length hot-wires and how 
their spatial filtering affects their measurements. The initial work on the effect of 
spatial filtering on velocity derivative measurements was carried out by Wyngaard 
(Wyngaard 1968, Wyngaard 1969). More recently work has been done by Derksen 
& Azad 1983 and by Antonia et al. (Antonia & Mi 1993, Antonia, Zhu, & Kim 
1993). It was shown that the inevitable spatial filtering caused by a finite sized 
hot-wire affects measurements of the smaller scales more than it affects laxge scale 
measurements. This is considered in more detail in subsection 3.8-2-2. 
In the testing carried out for this work it was estimated that 1",, =3- 871, the 
exact value depended on the Reynolds number of the flow. 
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A Dantec 55P51 x-wire probe was used in the testing. This probe had straight 
prongs, with sensor angles of = ±45' and a vertical separation of =1 mm. A6 mm 
diameter Dantec 55H24 probe support was used to support the x-wire probe. 
3.3 Anemometers 
Two anemometer systems were used in this work. 
3.3.1 Wombat Anemometers 
This anemometer had a poor frequency response and was used early on in the 
work to measure bulk properties of the flow. This 'Wombat' anemometer system, 
which was based on a design developed at the University of Melbourne (Hoffman 
1981), (Perry 1982), consisted of eight independent channels of constant-temperature 
anemometers. Fig. 3.5 shows a simplified diagram of the electronic circuit. The probe 
(Iý) and its cable (R, ) form one arm of a Wheatstone bridge. Resistances R1, R2 
and R3 complete the bridge and their values are chosen in order to provide a sensor 
overheat ratio of 1.8. The bridge ratio (R2/Ri) was 10: 1 and the bridge was balanced 
using the variable resistor R3. The author replaced the original amplifiers with new 
low-level noise models to improve the signal-to-noise ratio. 
Figure 3.5: Schematic of Wombat Circuit 
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3.3.2 AALab Anemometers 
The second anemometer system was a brand new AALab AN-1005 anemometer sys- 
tem. This only became available for testing on 19 September 2004, over 35 months 
after the start of the project. It had a high frequency response and enabled accurate 
small-scale measurements to be made. With the exception of a few homogeneity tra- 
verses, all the results reported in this work were made with the AALab anemometer 
system. 
The AALab system is capable of having 4 channels, but for this project only 
2 channels were used. A sensor overheat ratio (OHR) of 1.6 was chosen, this is a 
relatively low overheat for the size of wires used, an OHR of 1.8 is more typical. 
In general, the greater the overheat ratio, the greater the frequency response of the 
anemometer, but the shorter the life of the wire. A hot wire user selects the OHR 
to balance these conflicting requirements. For the AALab anemometer, increasing 
the OHR above 1.6 resulted in only small improvements in frequency response, so 
the conservative OHR of 1.6 was chosen to maximise the wire life. 
3.3.3 Frequency Response 
The frequency response of the anemometers was estimated using a square-wave test, 
with the probe located in a laminax flow at the intended testing velocity. Injecting 
an electronic square-wave into the top of the bridge, a critically damped response 
was obtained, with the anemometer controls being adjusted until the undershoot 
was about 1/8 of the maximum (aeymuth 1977). The frequency response was then 
evaluated from: 
f, =1 1.37- (3.3) 
where r is the time interval between the start of the pulse and the first zero-crossing 
of the response signal. 
The 5 pm wollaston wires gave a frequency response of 80 kHz and 17 kHz when 
using the AALab and 'Wombat' anemometers respectively. 
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Figure 3.6: Ideal Square-wave Response. 
60 
3.4 Signal Conditioning and Data Acquisition 
3.4.1 Wombat Anemometers 
An inhouse-built signal conditioner was used to offset and amplify the analogue 
signal output by the 'Wombat' anemometer, ensuring that the bit resolution of the 
A/D board was maximised. 
A Measurement Computing Corp. PCI-DAS 6070 12 bit A/D board was em- 
ployed to acquire the analog voltage output signals provided by the Wombat anemome- 
ters. The PCI-DAS 6070 consists of a multifunction analog and digital 1/0 boaxd 
for measurement and control and is designed to operate in computers with PCI bus 
accessory slots. The board has an analogue-to-digital conversion time of 5 As, a 
resolution of 12 bits and programmable voltage ranges varying from 10 V to 0.1 V 
and 0- 10 V to 0-0.1 V. 
3.4.2 AALab Anemometers 
The AALab anemometer has built in signal conditioners, filters and acquisition card. 
The built in signal conditioners were used to offset and amplify the analogue signals 
output by each anemometer channel. This ensured that the bit resolution of the 
built-in 16 bit acquisition card was maximised. 
The data acquisition was transferred from the onboard acquisition card directly 
to a PC through a parallel port. The acquisition card output voltage signal varied 
between ±10 V. 
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3.5 Calibration 
The hot wires were statically calibrated in the free-stream flow of the wind tunnels 
used in this testing. The free-stream velocity (U,,, ) was measured using a6 mm pitot- 
static probe, fixed at the inlet of the tunnel and connected to a Betz manometer 
which had an accuracy of 0.5 mm water. Homogeneity traverses were performed to 
verify that the local free-stream velocity matched the inlet velocity. 
3.5.1 X-Wire Yaw calibration 
The first stage of x-wire calibration required determining the angle of each wire. 
Assuming that a hot-wire responds only to the velocity component normal to its 
axis, it is sufficient to determine the effective angle between the direction normal to 
the wire axis and the flow direction. A measurement of the geometric angle is not 
necessary. 
AL 
w 
Figure 3.7: slanted wire. 
For simplicity, a Kings law type calibration was used for the purposes of deter- 
mining the geometric angles of the X-wire. For a single wire, aligned normal to the 
free stream flow, Kings law takes the form: 
E2 =A+ 
BUn (3.4) 
where U=U,, i,, and n typically takes values of 0.45-0.50. 
Unlike most anemometers, due to the nature of its onboard acquisition system 
the output voltage from the AN-1005 decreases with increasing velocity and can 
take negative values. As a result of this the conventional Kings law did not give 
a good calibration, however it was found that a good calibration was given by an 
62 
equation of the form: 
A+ BU,,,, i,, 
0.5 (3.5) 
For an x-wire whose wire is aligned at an effective angle of 0 to the wire holder 
axis (see fig. 3.7) which is then yawed at an angle 6 to the oncoming flow, eqn 3.5 
can be written as: 
E=A+ B'[U cos (V) + 5)]'-' (3.6) 
where 
U. i,, = ucos(o + 5) (3.7) 
This can be rearranged to give: 
U cos(V) + 6) = [(E - A)IB'I' (3.8) 
By expanding the cosine and dividing for when 5=0, it can be shown that: 
sin(6) tan(o) = cos(b) - 
E-A )2 (3.9) 
(Ej=o 
-A 
Plotting the right hand side (RHS) against sin(J) gives a line whose slope is 
tan(V)) (fig. 3.9). 
To carry out the calibration the x-wire was aligned with the freestream flow and 
the anemometer voltage output was recorded at various tunnel speeds. The resulting 
calibration plot established the value of A in eqn. 3.5 (see fig. 3.8). 
The tunnel was then set running at a constant speed and the entire x-wire probe 
was rotated through ± 20' in 5' increments. When the RHS of eqn. 3.9 was plotted 
against sin(J), the resulting line had a slope of tan(V))- 
3.5.2 Velocity Calibration 
With the effective wire angles found, the x-wire was aligned with the freestream flow 
and the anemometer voltage output was recorded over a range of tunnel speeds. A 
third order polynomial was fitted to the resulting calibration data (fig. 3.10). 
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Figure 3.8: Kings Law Type Calibration. 
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Figure 3.9: Determination of X-Wire Effective Angles 
Two calibrations were caxried out before and a third was performed after each 
measurement. If the calibrations changed such that for any voltage, more than a 
3% change in velocity had occurred, the data were discarded. This criteria resulted 
in roughly 20% of acquired test data havi ng to be discarded. 
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Figure 3.10: Sample Calibration Curves 
3.6 Calibration - Rectification and Dropout 
An implicit assumption of the calibration procedure adopted in this work is eqn. 3.7 
(the cosine law), which is strictly only true for an infinitely long, uniformly heated 
cylinder (Corrsin 1963). Real hot wires are clearly not infinitely long, they also 
suffer from heat loss to the supporting prongs, these two factors result in a non- 
uniform temperature profile across the wire. To allow for this Hinze 1975 suggested 
a correction to the cosine law: 
(Leff )2= 
Cos 2,0 +k2 sin 
2,0 (3.10) 
uo 
which takes account of cooling caused by the velocity component along the wire. 
The value of k was found by Hinze 1975 to be between 0.1 and 0.3, whereas George 
1992 found that k tended to 0.1 for velocities above about 2 m/s (which is always 
satisfied in the testing carried out in this work). 
A phenomenon associated with x-wire measurements is rectification. Hot wires 
respond only to the magnitude of the air velocity, they are insensitive to the direction 
of the flow. Rectification occurs when flow reversal occurs locally around a hot 
wire. Rectification errors occur because eqn. 3.10 is used during postprocessing, 
whereas really an equation of the form 
(U 
eff 
)2 
= 2,0 2 201 UO 
Icos +k sin should be used. 
Rectification becomes more of a problem as turbulence intensity increases. For the 
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modest intensities measured in this work (typically 5 %) it is not anticipated that 
rectification will be a significant problem. 
Tutu & Chevray 1975 estimated rectification errors at different turbulence in- 
tensities. The smallest intensity they considered was 10 %. Extrapolating their 
measurements down to 5% intensity (the typical level found in this work) and as- 
suming k=0.15, results in percentage errors of 0.35, -0.15, -2.5 in U, u' and v' 
respectively. These errors are within the calibration tolerance of the experiment. 
Errors can also occur if the local flow approaches the x-wire at an angle that 
lies outside the range of angles over which the wire was yaw calibrated. In this 
situation it is not known if the calibration still holds, so the data measured can not 
be trusted. Checks were carried out on all the data acquired during this work and 
without exception, for situations where the turbulence intensity was less than 12 % 
the local flow angle never lay outside the calibration region. 
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3.7 Sampling Period and Rate 
As discussed previously, hot-wires produce a spatial filtering effect because a wire 
cannot resolve wavelengths smaller than its length, 1,,,. The highest resolvable fre- 
quency is of the order f=L, corresponding to a scale with a stream-wise length 1W 
equal to the wire length. 
To satisfy the Nyquist condition, sampling was carried out at twice the frequency 
of the smallest resolvable scales. Low-pass filtering was used to remove noise and 
to prevent higher frequencies from folding back (aliasing) and distorting the lower 
frequencies of the sampled signal. The setting of the low-pass filter was always set 
to f=L and the data was acquired at twice this frequency. 1W 
Data was sampled for a period of time that captured at least 100,000 longitudinal 
integral lengths of the flow. In both tunnels, testing was carried out at speeds 
between 6 m/s and 20 m/s. A typical integral length was 50 mm, resulting in 
typical sampling times varying from 4 to 14 minutes. 
3.8 Data Analysis 
3.8.1 Determining U and V Velocity Components 
The first stage of the data analysis was converting the signals from the x-wire into 
U and V velocity components. 
With the angles (0) of each wire known, U and V velocity components were 
resolved based on the measured velocity at wires 1 and 2. 
U= (U,, i,, I tan 02 + Uwire2 tan V), )/(tanO, +tan 02) 
and 
(Uwirel 
- Uwire2)/ (tan V), + tan 02) (3.12) 
Due to the nature of the data acquistion card, there was a delay in sampling 
between the channels of 2p seconds. This delay was accounted for in the post- 
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processing using linear interpolation. 
Taylor's frozen flow hypothesis was used to convert time differences t, to longitu- 
dinal distances Ut. This hypothesis states that, in case of low turbulence intensity, 
small mean shear and negligible viscous forces, turbulent eddies do not alter the 
mean velocity field and are convected downstream with a velocity equal to the lo- 
cal mean speed. The validity of this hypothesis was investigated by Wyngaard & 
Clifford 1977 who showed that the hypothesis is increasingly accurate as turbulence 
intensities reduce. Specifically in a case where u'/U = 0.16, v'/U = 0.12, w'/U = 
0.09, errors of less than 1% occurred in inertial range spectra measurements, and 
errors of less than 6% occurred in the measurement of velocity derivative variances 
ie ( EU )2 It was therefore considered acceptable to use Taylor's hypothesis in this kax) * 
work, where turbulence intensities are generally less than 10 
3.8.2 Dissipation Determination 
Dissipation was calculated in two ways. 
3.8.2.1 From the Large Scales 
From the turbulence decay measurements (where the wind tunnel speed was kept 
constant and the downstream position of the hot-wire was varied) dissipation was 
estimated from the bulk properties of the flow. 
U 
ýqý2 
= Production - c* (3.13) dx 
where 
12 = (U 12 +v r2 +w r2) (3.14) 
Mirbulence production is described completely by: 
-(uiuj), 
a-uj (3.15) 
axi 
In the case of decaying grid turbulence, in the literature generally this production 
term is simplified to: 
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_Ur2 
dU (3.16) 
dx 
However recently (Han, George, & Hjdrne 2005) have shown that this expression 
is incorrect as it breaches incompressibility, which requires that any change in au ax 
results in a corresponding change in 2- and/or a. Han et al. showed that in 9Y Oz 
axisymmetric flows the correct production term is: 
- 
lu 12 
-v 
/2 1 dU 
dx 
(3.17) 
In this work, eqn. 3.17 was used to calculate production for the Cross and Square 
grids (which produced axisymmetric turbulence). The I grids did not produce ax- 
isymmetric turbulence, therefore the generally accepted (but incorrect) eqn. 3.16 
was used to calculate production for these grids. 
Even though every attempt was made to ensure that the hot wire was positioned 
on the tunnel centreline, the possibility of errors in the hot wire location should be 
considered. If the wire was not quite on the centreline, strictly, production would 
consist of all 9 terms of eqn. 3.15. Due to time constraints and the large number 
of novel grids that have been tested in this thesis, it was not possible to produce 
a comprehensive three-component velocity map of the region around the tunnel 
centreline at all downstream locations. It was only possible to measure some mean 
profiles in the y and z directions of u', v' and w'. 
Even if the wire was positioned exactly on the centreline, there would be turbu- 
lence crossing the centreline that had been produced elsewhere. Measurements were 
therefore carried out to establish that around the centreline, mean flow homogene- 
ity existed over a region larger than a few integral length scales (results shown in 
chapters 4,5 and 6). 
3.8.2.2 From the Small Scales, i) 
Assuming isotropy, dissipation can be calculated using: 
u L 
e=15v( 
U 
(3.18) 
ýX) 
0 
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((, qU/LqX)2) is calculated from the one-dimensional energy spectrum of u (where wave 
number is defined as k L4) such that: U 
00 
u 12 = (U2) = 
10 
Euu(k)dk (3.19) 
and -2 00 
19U k 2EUU(k)dk (3.20) (ax) Jo 
U= 6m/s 
U= 20m/s 
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Figure 3.11: 18" Square Grid t, 17.0, U Component Dissipation Spectra 
Variation with U,,,,. 
As wind tunnel speed is increased, the hot wire spatial resolution decreases and 
it may be expected that errors will occur in calculating the integral of eqn. 3.20. 
Figure 3.11 illustrates the potential problem. The low speed sample has resolved 
wavenumbers up to k7l = 1, whereas the high speed sample has resolved wavenumbers 
only up to about kq = 0.75. Clearly the main contribution to the integral of eqn. 3.20 
comes from wavenumbers k77 < 0.4. If it is assumed that the high wavenumber region 
of the high speed dissipation spectra behaves in the same way as that of the low 
speed spectra (ie it tends to zero as kq --+ 1) then it is estimated that the unresolved 
-a uN2 scales for k? 7 > 0.75 results in the integral of eqn. 3.20 underestimating ýTx-) by ax 
5% in the high speed (worst) case. 
As discussed in subsection 3.2.3, errors in estimating dissipation are expected 
due to the sensitivity of small scale measurements to the spatial filtering caused by 
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the finite hot-wire size. Derksen & Azad 1983 looked at the effect of finite wire 
length on the errors of estimating dissipation. It was concluded that eqn. 3.21 gave 
an accurate estimate of the errors in dissipation and that this equation was in very 
good agreement with the work carried out by Wyngaard et al. on this subject. 
2 
em 1- 
(3.21) 
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1. is the wire length, c is the true dissipation, c.. is the measured dissipation and 
A,,, is the measured Taylor micro-scale. 
In this work the smallest and largest A,,, values recorded were roughly 3 mm and 
8 mm respectively. Rom eqn. 3.21 the dissipation errors for these two cases are 19 % 
and 7.5 % respectively, the resulting errors in A are 11 % and 4 %. Whilst 19 % 
is a fairly high error in the estimate of dissipation, this is the absolute worst case 
scenario that only occurs at locations that are only just downstream of the grids. 
Generally the errors in dissipation are significantly smaller than this. 
3.8.2.3 R-om the Small Scales, fi) 
In addition, a third possible dissipation estimate is possible. Extending the method 
of (Schedvina, Stegen, & Gibson 1974) to include all three velocity components, 
dissipation can be calculated from: 
19U 
2+ [aV] 2+ [aWl 2) 
c =3v (3.22) 
( lax] 
ax ax 
Unlike eqn. 3.18 this estimate of dissipation takes account of any small scale anisotropy. 
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3.8.3 Length Scales 
The Taylor microscale is defined as: 
, 
\2 
U 
(3.23) ý. 
aa_. IYj_ 
Assuming large-scale and small-scale isotropy an alternative Taylor microscale can 
be defined: 
, 
N*2 = 
15vu' (3.24) 
E* 
The Taylor microscale Reynolds number is defined as: 
u'A RA=- 
V 
(3.25) 
where v is the kinematic viscosity of air at ambient temperature (0.0000155 m/s). 
The Kolmogorov lengthscale is defined as: 
= 
(V3) 14 
(3.26) 
By integrating the autocorrelation functions p.. (, r), p,, (7-) and p,,,, (-r), integral 
lengths are calculated: 
TO 
Lu =U 
in 
puu (r) dr (3.27) 
l'o 
Lv =U 
in 
p, v(-r)dT- 
(3.28) 
-ro 
Lw =U 
10 
p,,, w (-r) d-r 
(3.29) 
where time -ro was chosen as the first zero-crossing. 
The suitability of integrating the autocorrelation up to the first zero-crossing is 
shown by fig. 3.12(b). Fig. 3.12(a) is a typical autocorrelation, fig. 3.12(b) is the 
integral length that results when the autocorrelation is integrated over increasing 
time periods. As is expected, for long time periods the integral of fig. 3.12(a), 
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Figure 3.12: Square t, 17 Grid: Autocorrelation and Integral Length Data 
remains constant. Fig. 3.12(b) shows that the integral length is insensitive to the 
value of 7- which the autocorrelation is integrate d to as long as -r > 7-0/2. It is 
therefore concluded that integrating up to the first zero-crossing is appropriate for 
determining an accurate integral length. 
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3.8.4 Spectra 
As touched upon above, power spectral densities of velocity signals (E(k)) were 
calculated where wavenumber was defined as: 
27rf 
u (3.30) 
These power spectral densities (PSD's) were computed with Fast Fourier Transform 
(FFT) codes written in Matlab. 
PSDs were evaluated using Welchs method (Welch 1967), which worked by divid- 
ing each time history into a series of overlapping segments, windowing each section, 
computing the power spectrum and averaging the PSD calculated for each segment. 
Every segment contained 8192 points, with 50% overlap. The input vector was 
divided into an integer number of segments and the samples left over after the seg- 
mentation were discarded. A Hamming window was applied to each segment to 
reduce leakage between neighbouring discrete frequency bins. There is a trade-off 
between the number of segments (which is approximately inversely proportional to 
the variance of the estimated PSD) and the segment length, which determines the 
frequency resolution. A segment length of 2048 was chosen as the best compromise 
between maximising resolution and minimising variance. This gave a frequency res- 
olution of 1.6 Hz and a variance of about 0.01%. Higher frequency resolutions were 
also tried, using differing numbers of points per segment, to verify the effect of the 
segment length on the PSD. The resulting spectra's had much larger variances but 
did not show any significant additional information. 
The accuracy of the statistical estimates was verified by checking that: 
1 00 
E.., (k)dk (3.31) 
When U12 was calculated from conventional time-averaging the above equation was 
found to be correct to within 1% accuracy. 
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3.8.5 Spectral Coherence 
The coherence is a function of the power spectra of u and v and the cross spectrum 
of u and v. It is defined as: 
C,,, (k) - 
JE,,,, (k) 12 
(3.32) 
E,,,,, (k) E,, (k) 
where E.,,, (k) is the Fourier transform of the cross correlation of the u and v signals. 
The coherence between u and v was calculated, as was the coherence between 
ii and ;; (velocities transformed through 45*, such that ii = (u + v)/v, '2- and ý, 
= (u - v)IV2-). The coherence function between two signals was computed using 
the MATLAB coherence function. 
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Chapter 4 
Fractal Cross Grids: Mean 
Profiles, Isotropy and 
Homogeneity Levels and 
Stream-wise Dependencies 
4.1 Introduction 
This chapter provides an overview of the main results of the testing of the Cross 
grids. Firstly the geometries of the grids are described, as are the reasons behind 
why the geometries were chosen. Static pressure drop measurements are reported, 
these simple measurements are a fundamental measure of how much power is be- 
ing introduced into the flow. Results of longitudinal homogeneity traverses of the 
mean flow down-stream of the grids are described, the presence in some cases of a 
stream-wise velocity gradient implies that turbulence production is occurring. Mea- 
surements of production are made and compared to measurements of dissipation. 
Isotropy and lateral homogeneity levels of the different grids are discussed and the 
stream-wise growth of integral lengths is analysed to give a meaningful reference 
length to the size of any homogeneity regions. The Reynolds number of the flow is 
reported as this is one of the most important parameters used to characterise turbu- 
lence. Dimensional analysis is carried out on the experiment to find likely candidates 
for which grid geometric parameters are governing which turbulence quantities. The 
decay of the turbulence intensities is analysed and attempts are made to find uni- 
versal scaling lengths. Dissipation is measured two separate ways and the level of 
agreement between the two different measurement are analysed, any differences have 
consequences regarding the nature of turbulence intensity and Taylor microscale (A) 
downstream development. The decay of A is presented and attempts are made to find 
universal scaling lengths for the longitudinal and lateral integral lengths. Checks 
are carried out to see if the grids follow the principle of permanence of large eddies. 
Finally the main conclusions are summarised. 
4.2 Design Summary 
Cross grid testing was carried out in the 3' x 3' wind tunnel. The grids are 2-D 
bi-planar structures which resemble classical grids, but unlike classical grids, they 
axe made from bars of different thicknesses. The Cross grids were made from 5 mm 
deep, medium density fibreboard (MDF) and due to their simple geometry it was 
possible for them to be made in the departmental workshop. The classical grid tested 
in this work was made from square cross-section wooden bars and consequently 
was almost 8 times deeper than the Cross grids. Five different Cross grids were 
made, three with four iterations and one with three iterations. All the grids had 
different blockages and Ot and flL values. Ideally all the grids would have had the 
same blockage to eliminate this parameter from being responsible for any differences 
between the turbulence of the different grids, but this would have required high 
tolerance manufacturing which wasn't available. 
As discussed in chapter 2, the geometry of these grids is such that Df = 2.0 and 
as 3t and PL increase, the geometry approaches that of a classical grid, for which 
Ot = oo and, 3L = 1.0. The geometries of the grids are summarised in tables 4.1 and 
4.2, and scaled diagrams are shown in fig. 4.1. 
The four iteration grids all have positive 3t and 3L values, the same Mff and 
roughly the same These three grids have blockages that are significantly lower 
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N Df ßt OL Or (%) Mff (MM) tmax (MM) t .. in (MM) t, Lr 
4 2.00 0.25 0.18 17 57 16 3.2 5.0 8 
4 2.00 0.93 0.45 21 57 14 5.0 2.8 8 
41 2.00 1 1.78 0.58 29 57 16 8.0 2.0 8 
3 2.00 0.00 0.00 40 114 62 19.0 3.3 4 
2.00 oo 1 1.00 44 152 39 39.0 1.0 - 
Table 4.1: Cross Grid Geometry Overview 
Grid & 0.18 ßL 0.45 ßL 0.58 ßL 0.00 
Lo (mm) 914.4 914.4 914.4 914.4 
L, (MM) 457.2 457.2 457.2 457.2 
L2 (mm) 228.6 228.6 228.6 228.6 
L3 (min) 114.3 114.3 114.3 - 
to (MM) 16.0 14.0 16.0 62.0 
ti (MM) 9.4 9.9 12.7 34.3 
t2 (MM) 5.5 7.0 10.1 19.0 
t3 (Mm) 3.2 5.0 8.0 - 
Table 4.2: 3' x 3' Cross Grid Detailed Geometry 
than those of previously tested classical grids where the blockage has typically been 
34 % (Comte-Bellot & Cousin 1966, Mohamed & Larue 1990, Schedvina, Stegen, 
Gibson 1974). The blockages were purposely chosen to be low as there was some 
concern that high blockages may have resulted in flow inhomogeneity, something 
observed by Corrsin 1963, who reports the results of classical grids with blockages as 
high as 61 % and concludes that the downstream turbulence wake becomes unstable 
if the grid blockage becomes too large (somewhere between 34 % and 61 %), resulting 
in inhomogeneity. 
The three iteration Cross grid was built after the four iteration Cross grids had 
been tested. Its high blockage of 40 % was designed to produce high R. \ turbulence. 
Due to it having three iterations, the Mff of this grid is double that of the four 
iteration grids, it also has larger values Of tmax and t,,, i,, than any of the other grids. 
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The classical grid tested here was not designed and made for this work, it was 
one of a number of pre-existing grids used in past research carried out in the 3' x 3' 
wind tunnel. This grid was tested as part of this work because it's blockage, Mff 
and t ..... was similar to that of the three iteration Cross grid. It was intended to 
serve as a benchmaxk against which the turbulence of the three iteration cross grid 
could be measured. If the two grids produced different turbulences, the differences 
could not be attributed to the parameters, blockage, Mff and which are similar 
for both grids. 
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0-00 (b) A=0.18 
(c) PL = 0.45 0.58 
(e) Classic Grid 
Figure 4.1: Cross Grids: Scaled Diagrams. 
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4.3 Static Pressure Drop 
The difference in pressure across the grid (AP) was measured at the midpoint of the 
vertical wall using a Betz manometer and was non-dimensionalised the conventional 
way using atmospheric air density and mean tunnel velocity upstream of the grid 
(p & U,,. ). It is found with classical grids that for a given grid, Cop is constant 
(Corrsin 1963). 
Cap 
, 
AP 
(4.1) 
lpuO02 
If the pressure drop is homogeneous across the area of a grid, AP is a measure of 
the total grid drag. Directly measuring grid drag is possible by mounting the grid 
on a balance, but this is significantly more complicated than measuring AP and was 
not done in this work. 
0 
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Figure 4.2: Cross Grids: CAp vs a, U,,. = 12 m/s. 
The behaviour of CAp across classical grids has been well documented (Corrsin 
1963) and has been found to increase with increasing blockage. Fig. 4.2 summaxises 
the CAp of the Cross grids tested in this work and the Cap of classical grids con- 
structed from round and square bars (classical grid data obtained from Corrsin 
1963). This plot illustrates how the CAp of classical grids is sensitive to the cross- 
sectional shape of the bars from which the gid is made. This sensitivity is due 
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to the geometrical grid blockage not being equal to the actual viscous blockage the 
free-stream experiences, which is caused by boundary layer growth around the grid 
bars. It can be expected that viscous blockage is sensitive to grid Reynolds number, 
especially for grids manufactured from round rods. 
For all the Cross grids tested here, CAp was found to be greater than the docu- 
mented results of classical grids (with either round or square bars) of equal blockages. 
The classical grid that was tested as part of this work was also found to have a larger 
than documented CAp. It is noted that the CAp results reported by Corrsin 1963 
were for grids which were either 20 or 40 mesh lengths in size, ie T/M = 20 or 40, 
for the classical grid tested in this work T/M = 5. It should be concluded that the 
CAp of any grid geometry can be expected to be sensitive to factors such as bar 
shape, surface finish, Reynolds number and grid mesh size, not just blockage. 
For the Cross grids tested here, irrespective of their N, flt or flL values, Cap 
increases with increasing blockage. The result does not rule out the fact that OL 
and, 8t may be affecting CAp, but without more data any effect cannot be quantified. 
It can be concluded that CAp is probably governed by o, and may or may not be 
affected by the grids fractal geometry. This result is considered in more detail in 
section 4.9. 
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4.4 Homogeneity 
4.4.1 Stream-wise Mean Velocity Profiles 
With U,,. fixed, the mean velocity was measured along the wind tunnel centre-line, 
in 0.25 m increments along the working section length (fig. 4.3(a)). 
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Figure 4.3: Cross Grids U,,. = 12 m/s 
It can be seen that the classical gid produces a velocity deficit of 10 % that 
remains at all locations beyond 1.0 m downstream of the grid. All four iteration 
Cross grids have similar mean velocity development, there being roughly a 20 % 
deficit close to the grid, then a gentle stream-wise velocity gradient results in the 
mean velocity increasing to a 5-10 % deficit, 4.0 m downstream. The three iteration 
Cross grid shows significantly different behaviour, having a large velocity deficit of 
50 % close to the grid. A significant stream-wise velocity gradient results in the 
mean velocity increasing to a 25 % deficit by the end of the working section. 
The recirculating wind tunnel is reasonably air-tight, hence it can be concluded 
that any mean velocity deficit downstream of the grids must be the result of trans- 
verse inhomogeneity and/or the presence of turbulence production at the grid (whereby 
energy is removed from the mean flow and fed into the turbulence) and/or the ad- 
verse pressure gradient caused by the grid. 
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If there is a stream-wise mean velocity gradient at any location downstream of 
the grid, eqn. 3.16 suggests that turbulence production is occurring locally. This is 
undesirable as the aim of the experiment is to set up decaying turbulence, which 
by definition does not experience local production. It is necessary to quantify any 
production that may be present in order to gain an idea of how much influence it 
may be having on the flow. Dissipation and production are calculated (using eqns. 
3.13 and 3.16 respectively) at all downstream locations and the ratio of their values 
compared (fig. 4.3(b)). 
For all of the Cross grids, production is typically less than 5% of dissipation at 
all downstream locations. In conclusion, for all grids, at all downstream locations 
production is significantly larger than dissipation. 
4.4.2 Lateral Measurements 
With U,,. fixed, homogeneity profiles were taken on the y axis at a downstream dis- 
tance of 4.25 m, in 0.05 m increments (fig 4.4). It was acknowledged that an absence 
of homogeneity at a given downstream location would rule out homogeneity at any 
location closer to the grid, therefore it was decided that the main measurements 
should be taken far downstream. 
The U homogeneity traverse shows that the classical grid and all four iteration 
Cross grids have good homogeneity but the three iteration Cross grid has a significant 
velocity deficit in the centre of the tunnel. However, this plot may be a little unfair 
as the Mff of the three iteration Cross grid is double that of the four iteration 
grids and it will be seen later that turbulence decay scales on Mff. Therefore the 
homogeneity traverse location is effectively closer to the three iteration grid than 
it is to the four iteration grids, so it is not particularly surprising that the traverse 
shows the three iteration grid to be less homogeneous. This reasoning does not 
however explain why the classical grid, which has roughly the same Mff as the 
three iteration Cross grid, has much better homogeneity. It must be the case that 
the U homogeneity of the classical grid is simply better than that of the the three 
iteration Cross grid. 
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5 
The u'/U traverse shows high levels of homogeneity for all grids, even the three 
iteration grid, which is significantly inhomogeneous in U, is roughly homogeneous 
in u'/U. 
The v'/U traverse shows that the four iteration grids are very homogeneous 
across the entire tunnel width. For the three iteration grid, there is a very broad 
region in the centre of the tunnel (about 8 lateral integral lengths wide) that is 
homogeneous, either side of this region v'/U reduces slightly as the tunnel walls are 
approached. 
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In conclusion, the classical gid and all four iteration Cross grids show excellent 
levels of homogeneity in U, u'/U and v'/U. No clear trends between these grids can 
be detected. The three iteration grid has good levels of u'/U and v'/U homogeneity, 
however U homogeneity is poor. Nevertheless, even for this grid at this downstream 
location of 4.25 m, at the tunnel centre there is a region roughly 3 lateral integral 
lengths wide in which reasonable U homogeneity exists. 
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4.5 Integral Length Scales 
With U,,. fixed, the downstream development of the stream-wise and lateral integral 
lengths (L,, and L, respectively) were measured along the tunnel centre-line, in 
0.25 m increments along the working section length. 
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Figure 4.5: Cross Grids: Integral Length Decay, U,,. = 12 m/s 
For all the grids, L.. and L,, are increasing functions of x. There is negligible 
difference in the behaviour of L. and L, produced by the different four iteration 
Cross grids at all downstream locations. The L,, of the classical grid is typically 40 % 
larger than those of the four iteration Cross grids at all locations. For the classical 
and four iteration Cross grids L,, is roughly half the size of L. at all downstream 
locations, suggesting laxge scale isotropy (Pope 2001). 
The three iteration Cross grid produces stream-wise and lateral integral lengths 
that are up to three times larger than that of the other Cross grids. For this 
grid, downstream of 1.0 m, as x increases L,, remains almost constant whilst L. 
increases, resulting in the ratio L. IL, varying from 0.8 at 1.0 m downstream to 
0.5 at about 3.5 m downstream. This behaviour suggests that close to the grid the 
flow is anisotropic, but that it becomes isotropic by about 3.5 m downstream. This 
conclusion is not entirely supported by direct measurements of isotropy reported in 
the following section. 
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4.6 Isotropy 
4.6.1 Stream-Wise Development 
The stream-wise development of measures of large scale isotropy (u'/v') * on the 
tunnel centre-line with U,,. fixed have been analysed and plotted (fig. 4.6). 
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Figure 4.6: Cross Grids: Isotropy, U... = 12 m/s. 
In general all grids produce levels of isotropy that are not dissimilar to past 
classical grids, where typically 1.1 < u'/V1 < 1.4 (Comte-Bellot & Corrsin 1966), or 
to active grids where u'/v' ý-- 1.21 (Mydlarski & Warhaft 1996). Classical grids have 
been shown to produce isotropy levels of u'/v' -- 1.05, but only after a contraction 
has been incorporated within the working section, downstream of the grid (Comte- 
Bellot & Corrsin 1966). 
It has been shown that isotropy downstream of a classical grid is a function of 
Reynolds number. Kistler & Vrebalovich 1966 showed that at a fixed downstream 
*Another way of characterising isotropy is the approach commonly known as 'Lumleys Triangle' 
(Lumley & Newman 1977). Lumleys Triangle refers to a domain, known as the anisotropy invariant 
map, within which all possible Reynoldss stress invariants must lie. The borders of this domain 
describe different states of the turbulent stress tensor. This approach is useful at characterising 
and classifying turbulence, and at comparing different turbulences to one another. The technique 
was not used in the work carried out here, but in future fractal grid work, it may be a valuable 
way to further characterise the isotropy of the different grids turbulence. 
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location, u'/v' varied from 1.40 to 1.23 as the mesh Reynolds number increased 
from 137000 to 2420000. As will be seen in section 4.7, in fig. 4.6 some of the grids 
axe operating at significantly different Reynolds numbers than the others. Ideally 
fig. 4.6 should have been produced with all grids operating at the same Reynolds 
number, but due to time constraints this was not possible. For this reason, the 
results presented in fig. 4.6 should not be viewed as the absolute isotropy levels 
produced by the grids. 
For the Cross grids tested here, u'/v' is greater than 1.0 for all grids at all 
downstream locations. The 3L 0.45 grid has a remarkably constant u'/v7 value of 
1.3 for all x. At all locations downstream of about 1.0 m the three iteration Cross 
grid has a fairly constant u'/V7 value of roughly 1.15. For grids)3L 0.18 & 0.58, u'/v7 
gently increases with x. The grid with the most isotropic turbulence (u'/v' = 1.1) 
is theOL 0.58 grid. 
The different grids produce different levels of isotropy, however there is. no clear 
trend of isotropy being a function of any of the grids geometric parameters. 
4.6.2 Homogeneity Traverses 
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Fig. 4.7 shows that grids flL 0.18 & 0.45 have very good u'/v' homogeneity, 
maintaining an almost constant value of 1.2-1.3 across the tunnel. The classical grid 
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is slightly less homogeneous than these two grids, with u'/v' being roughly 1.2 in the 
tunnel centre, but increasing to 1.35 at y/T =±0.37. Grid 6L 0.58 has a similar 
level of u'/v' in the tunnel centre as the other grids, however as the walls are reached 
this value increases significantly. This behaviour is also seen for the three iteration 
Cross grid, but for this grid the central region of homogeneity is much smaller. 
4.6.3 Velocity Skewness 
3 
In an isotropic flow the skewness (S(u) = 73/7 ') of the velocity is zero, therefore 
any deviation from zero is an indication of anisotropy. However, because the energy 
is decaying downstream, there will be a flux of turbulent kinetic energy ie. 
aU2 
(4.2) 
19X 
(Maxey 1987). Therefore longitudinal isotropy will only be expected to exist as 
the rate of turbulence energy decay tends to zero, which will only generally happen 
at large downstream distances. The skewness of the longitudinal velocity has been 
plotted as a function of downstream location (fig. 4.8). 
0. 
0. 
31 
Cf) 
0. 
0. 
0. 
0.45 6- 
0.58 
5............... 0*00 
Classic 
_j 
4- 
3- ++ 
2- 
cl 
oL 
01234 
x (M) 
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With the exception of the three iteration Cross grid, generally 0.0 < S(u) < 0.1 
and there is a trend for S(u) to decrease with x. It isn't possible to infer any trends 
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between these grids as their skewnesses are virtually identical. The three iteration 
Cross grid has a very large skewness close to the grid, this reduces to 0.2 at about 
2.5 m downstream, and further downstream the skewness increases to around 0.3 by 
the end of the working section. 
The development of velocity skewness, S(u) downstream of classical grids was 
reported by Mohamed & Larue 1990. It was found that S(u) decreased smoothly 
with increasing x towaxds an asymptotic value of 0.0 and had values of roughly 
0.07,0.04 and 0.0, at downstream locations x/M = 10,20 and 40 respectively. The 
skewness results of the classical grid tested here match the results of Mohamed & 
Larue 1990, but the Cross grids have higher S(u) values than Classical grids at all 
downstream locations. 
The skewness measurements suggest that at a given x, the classical grid and 
the four iteration Cross grids have very similar levels of isotropy, which improve 
gradually with increasing x. For the three iteration Cross grid, the skewness results 
suggest high levels of anisotropy, especially close to the grid. These conclusions 
do not entirely agree with the results of section 4.6.1, however S(u) and u'/v' are 
two different measures of isotropy. Whilst isotropic turbulence requires zero velocity 
skewness, zero velocity skewness does not necessarily infer isotropy. S(u) is a measure 
of the isotropy of u along the x axis, whereas u'/v' is a measure of the isotropy of 
two different velocity components. It is therefore not surprising that the u'/v' and 
S(u) results do not perfectly agree. 
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4.7 Reynolds Number 
The dimensionless Reynolds number is a measure of the ratio of inertial forces to 
viscous forces in a flow and is one of the most important parameters used to char- 
acterise fluid flows. The Taylor microscale Reynolds number (R, \) was selected as 
the Reynolds number with which to characterise the flows (Pearson, Krogstad, & 
van de Water 2002, Mydlarski & Warhaft 1996). Earlier researchers working with 
classical grids often characterised their flow by a Reynolds number based on the 
tunnel velocity and the mesh length of the grid, Rm (Comte-Bellot & Corrsin 
1966, Kistler & Vrebalovich 1966). It is understandable why this Reynolds number 
is used by researchers, it is very easy to measure, however it makes it impossible for 
comparisons to be made with flows produced by any other forcing geometry. R. \ is 
based on a velocity and length scale of the turbulence itself, it is a true Reynolds 
number of the flow and as such it enables flows produced by any forcing to be 
compared (see Chapter 3, specifically eqn. 3.25 for details of how R, \ is calculated). 
When classical grids are tested in similar sized tunnels, operating at similar 
speeds to the tunnel used here, typically R, \ - 100 (Mohamed & Larue 1990). 
There are a handful of examples of higher R, \ flows being produced by classical 
grids in wind tunnels that were either very large, very fast or were pressurised. One 
example of classical grid testing carried out in a large and fast tunnel is described 
by Schedvina, Stegen, & Gibson 1974. Here a R, \ of 280 was achieved with a 30% 
blockage classical grid tested in a tunnel twice the size to the one used here operating 
with U,,,, = 28.8 m/s. 
The R, \ values of the Cross grids are shown in fig. 4.9. The four iteration Cross 
grids, despite having the same Mff and different CAp values, produce virtually 
identical values of R. \. This suggests that something in their different fractal geome- 
tries is compensating for the difference in CAp, resulting in identical R, \ values. 
The R, \'s produced by the classical grid and the three iteration Cross grid are 
roughly double and triple respectively that produced by the four iteration Cross 
grids. It is not particularly surprising that the classical grid produces a higher R, \ 
than the four iteration Cross grids, it has significantly larger Mff and C, &p values. 
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Figure 4.9: Cross Grids: R, \ Decay, U,,. 12 m/s 
However, the fact that the three iteration Cross grid produces a 75 % larger R, \ 
than the classical grid is surprising as it's Mff is smaller and it's CAp is almost 
the same. This result, combined with the identical R. \ values produced by the four 
iteration Cross grids is the first strong indication that the turbulence produced by 
these grids may be directly controlled by one or more of their geometric parameters. 
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4.8 Dissipation Determination 
As described in chapter 3, two different methods have been used to estimate dissi- 
pation. Assuming Taylor's hypothesis, dissipation is given by: 
1U dq2 
+ Production (4.3) 2 dx 
Assuming small scale isotropy, dissipation can also be calculated from: 
-2 
e= 15v 
( au ) (4.4) 
An average dissipation and an uncertainty parameter A are defined: 
faverage "f+ E* (4.5) 
2 
E= (1 - Caverage (4.6) 
C* --: ' 
(I + A)Caverage (4.7) 
These expressions can be rearranged to give: 
L= 
1+* 
(4.8) 
The smaller the uncertainty (A), the better the agreement between the two dissipa- 
tion estimates. 
Fig. 4.10 shows the ratio of e/e* for the Cross grids and it can clearly be seen 
that while eft* is almost constant for the classical grid downstream of around 2.0 m, 
for the other grids c/c* varies quite strongly with x, behaviour that is worthy of 
discussion. 
Mohamed & Larue 1990 found that e and E* differed by up to a factor of 2 in 
measurements taken downstream of a classical grid. They attributed this difference 
to a lack of isotropy found close to the grid. As downstream distance increased, the 
level of agreement improved. At x/m. = 20 the uncertainty was ±20% and at x/m 
> 40 (at which it is generally accepted that turbulence is homogeneous/isotropic) 
the uncertainty was ±10%. 
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Figure 4.10: Cross Grids: Dissipation Determination, U,,,, = 12 m/s 
In a different experiment, Uithi, Tsinober, & Kinzelbach 2005 measured the 
full set of velocity derivatives of quasi-homogeneous isotropic turbulence. They 
did this by applying the three-dimensional particle tracking velocimetry (3D-PTV) 
technique to an electromagnetically forced flow with R, \ =, - 50. The flow had similar 
levels of large scale isotropy to the grids tested here, such that u'/v' = 1.18 and 
u'/w' = 1.01. The dissipation was calculated from each component time derivative 
VW (L, )2, 
(! LV)2, (ýL 
of the velocity signal (ie _)2 ) and differences of ±14.3% were found, dx dy dz 
indicating the presence of small scale anisotropy. It seems likely that small scale 
isotropy of the Cross grids will not be perfect because the large scale isotropy values 
are similar to that of the experiment of Lilthi, Tsinober, & Kinzelbach 2005. An 
implicit assumption behind eqn. 4.4 is local, small scale isotropy, it seems unlikely 
that the Cross grids satisfy this, therefore an error is expected when eqn. 4.4 is used 
to calculate dissipation. 
It is noted that most researchers do not compaxe the different techniques of 
estimating dissipation, either eqn. 4.3 or eqn. 4.4 is used, but not both. (It should 
be noted that another method has recently been used by Kang, Chester, & Meneveau 
2003 who estimate dissipation from the third order structure function and a Reynolds 
number correction given by Lundgren 2003). In many ways, eqn. 4.4 is the most 
convenient equation for the experimentalist to use as (unlike the requirements of 
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eqn. 4.3) the dissipation can be calculated from a single run with the hot-wire fixed 
in one location. This is the method used in the more recent literature (Mydlarski & 
Warhaft 1996, Pearson, Krogstad, & van de Water 2002, Staicu, Mazzi, Vassilicos, 
& van de Water 2003), while eqn. 4.3 seems to be the preferred choice in the older 
literature (Corrsin 1963, Kistler & Vrebalovich 1966). By not using both techniques 
to estimate dissipation, researchers are not fully investigating the effects that any 
anisotropy in their flow is having on their dissipation measurements. It can be 
concluded that having non-perfect small scale isotropy can lead to equations 4.3 
and 4.4 producing significantly different estimates of dissipation. It is unfortunate 
that (as discussed in chapter 7) it cannot be established whether the small scales 
are isotropic or not. 
Fig. 4.10 shows that for all Cross grids eft* increases almost linearly with x. As 
discussed above, an explanation for this is a lack of small scale isotropy, resulting in 
errors in e. This x dependance of e/f* has important consequences when it comes 
to establishing the nature Of U12 and A decay, something which is discussed in detail 
in section 4.11. 
Perhaps surprisingly, estimating dissipation using eqn. 3.22 does not result in an 
improved agreement with e*. e** was calculated for the PL 0.18,0.45 and the Classic 
grid, the measurements of E** were consistently 10-20 % larger than that of 6 at all 
downstream locations for both grids. The agreement between E** and e*, was no 
better than that between e and c*. 
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4.9 Dimensional Analysis and Consequences for 
ul, A and L 
As discussed in chapter 2.3.1, the minimum variables that are required to fully 
describe the geometry of Cross grids are: 
(Tj N, tmax7 tmin) (4.9) 
Any turbulence quantities at the centre-line at a distance x from the grid must be 
functions of the physical variables present in the wind tunnel: 
(U,,,,, P, AP) (4.10) 
plus the grid parameters. Hence all characteristics of the resulting turbulent flows 
are functions of. 
(T, N, t .. ý, x, tmin7 AP, U., x, p, p) (4.11) 
The Buckingham-Pi theorem (Anderson 1991) states that because there are 3 
fundamental physical quantities (mass, length and time) present in the above vari- 
ables, they can be reduced to 9-3=6 independent dimensionless quantities. There 
are many possibilities, but following common practice some obvious dimensionless 
quantities can be selected: 
PU,,. T AP N- (4.12) 1 lpU V it 2 00 tmax tmin 
) tmin 
After defining a pressure drop coefficient and a Reynolds number this can be written 
as: 
xT tmax RT, CAp, N, (4.13) 
n tmin tmin 
) 
Assuming that U, u', L axe independent of v for large Rx, the following can be 
written: 
u= U" hi CAP, x, N, 
T tmax 
(4.14) 
tmax tmin tmin 
xT tmax 
u= Uoo fc2 CAP, -, N, - (4.15) tmax tmin tmin 
L=T fa Cap, 
x, 
N, 
TI tmax 
(4.16) 
tmax tmin tmin 
) 
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No such dimensional independence on viscosity of A can be assumed because A is a 
small scale length. Hence: 
xT tmax 
-xu-. 
To) 
g, 
(RT) 
C&Pi 
tmax , N, tmin q tmin 
(4.17) 
where xO is a virtual origin, introduced because there is no reason to expect that 
the effective origin of the turbulence corresponds to the actual location of the grid. 
It is now assumed that U is independent of x far downstream from the grid (this 
is generally confirmed by the results, see fig. 4.3(a)). 
U=U. fl CAp, N, 
TI 
tmin tmin 
(4.18) 
The U,,,, dependence of A, U, u' and L., measured 4.25 m downstream from the 
grids is plotted in fig. 4.11. The result that \, U 00 -0.2 (fig. 4.11(a)) implies that A 
has a power law dependence on RT and CAp, enabling eqn. 4.17 to be made more 
specific: 
x Lm-x A= 
U" 
RTC' CAP 9c qN 
L-a-x 
- (4.19) 
ý(x 
--Xo) 
(Tma, 
tmin I tmin 
For this equation to satisfy A-U0.0-0.2 it is necessary that: a- 20 = 0.3. The 
behaviour of A can now be described by: 
_Ap(ý-0.15) 
gc N, 
ýL 
A RT' C2 (4.20) U" 
(T.., 
tmin tmin 
where a is unknown. 
Eqns. 4.14 & 4.15 imply that UIU,,. and u'/U,,,, are independent of U,,.. CAp is 
also independent of U,,,,, hence: 
xT tmax U=U,, -, N, -1 - (4.21) tmax tmin tmin 
Ul = Uoo fc2 
x, 
N, 
TI tmax (4.22) 
( 
tmax tmin tmin 
where CAp depends on N, tmax) tmin, T 
CAP ý fc4 N, 
T) tmax (4.23) 
( 
T. - -i. Tm- 
i-. 
) 
The dependence of u'/U on Cap can in principle be retrieved via their depen- 
dencies on N, Tlt,, i, and tmax/tmin. The constraint 
(Ui/U)2 , CAp remains. 
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Finally, the result that L-U,,,, o (fig. 4.11(d)) implies: 
xT tmax L=Tf, 5 -, N, (4.24) 
Gmax 
M" tmin 
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4.10 Turbulence Decay Scaling 
Decay results show that for all grids, all fluctuating velocity components smoothly 
decay with x. This behaviour is qualitatively the same as that of traditional classical 
grids (Corrsin 1963) and more recent active grids (Mydlaxski & Warhaft 1996). 
Batchelor and Townsend (Batchelor & Townsend 1948) proposed eqn. 4.25 to 
describe turbulence decay behind a classical grid: 
(U)2 
=K 
(x - xo)' (4.25) 
u CAP m 
K is a dimensionless constant, M is the mesh size of the grid, n is a dimensionless 
positive exponent and xO is a downstream virtual origin. 
This equation has been proved to be broadly true for many different classical 
grids, although it is likely that n and K may be a function of Reynolds number 
and a function of the number of mesh cells present in the grid. It has been found 
that typically 1.0 <n<1.4 (Mohamed & Larue 1990 surnmarised the findings 
of 10 researchers spanning 42 years). In addition, ? showed that theoretically 
1.0 <n<2.5 is possible. 
Eqn. 4.25 shows that the level of the turbulence is governed by the grid CAp and 
that the decay scales with the mesh length of the grid. Unlike classical grids, fractal 
grids have many different scales (both lengths and thicknesses) associated with their 
geometry. It is not clear if any of these scales will correlate with a representative 
scale of turbulence. Eqn. 4.25 may not be applicable to describing fractal grid 
generated turbulence without suitable modification because it does not account for 
the multiple scales present in a fractal grid geometry. Dimensional analysis carried 
out in the previous section showed that: 
Ur Uoo fc2 
x, 
N, 
TI tmax (4.26) 
(im-ax 
tmin tmin 
It is noted that while CAp is absent in eqn. 4.26, this does not necessarily mean that 
for the Cross grids u' is independent of CAp. It may be simply that CAp is itself a 
function of the other parameters of eqn. 4.26, namely N, T and -t-t tmin tmin 
100 
Fig 4.12 shows the decay measurements of both u'/U and v'/U downstream of 
the Cross grids. Despite having significantly different CAp's, all the four iteration 
Cross grids have virtually identical turbulence intensity decay profiles. This suggests 
that differences in the grid's geometries are somehow compensating for differences 
in C, &p to produce the same turbulence levels. The levels of turbulence intensity 
for the four iteration Cross grids axe similar to, but slightly less than those of the 
classical grid. 
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Figure 4.12: Cross Grids: Mirbulence Decay, U,,. = 12 m/s 
The three iteration Cross grid exhibits turbulence intensities around 2.5 times 
larger than the classical grid. 
All possible combinations grid geometry parameters were tried to find a collapse 
of the turbulence intensity data and none worked as well as that of those shown 
in fig. 4.13, where normalised u'/U and v/U quantities are plotted as functions of 
xIM, ff. The normalisation required for this collapse is shown in eqn. 4.27. 
(U)2 
,(1X 
) 
fc6 
(- 
(4.27) 
U t' 
2C 
Ap Mef f 
It can be concluded that, as is found for classical grids, the downstream decay 
distance scales with Mff and the level of turbulence intensity produced is controlled 
by Cap. The important new result obtained from testing these Cross grids is that the 
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Figure 4.13: Cross Grids: Turbulence Decay Collapse, U,,. = 12 m/s. 
magnitude of turbulence intensity is also controlled by the parameter t, This result 
is significant because unlike CAp (which directly affects the power requirements of a 
grid), there are no direct effects on power requirement when t, is varied, in principle 
high turbulence intensities (and hence Reynolds numbers) can be produced cheaply 
by using low CAp (low power requirement), high t, grids. 
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4.11 The Decay of A and Turbulence Intensity 
For flows that are isotropic at small and large scales and that have no production, 
a consequence of a power law turbulence decay is that the Taylor microscale grows 
i as t2, as shown by the below analysis (Batchelor 1953, 
Assuming no production and large scale isotropy, eqn. 4.3 simplifies to: 
_3 u 
du2 
(4.28) 
2 jx- 
Assuming small scale isotropy, dissipation can also be calculated from: 
6= 15v 
au 
2 
(4.29) Maux ) 
By definition: 
t2 
A2 (4.30) 
If all the assumptions behind eqns. 4.28 and 4.29 are true, then E= E* and (making 
use of eqn. 4.21) eqn. 4.31 can be written. 
12 3 du2 u 
2 Ull fa 15v 72 dx (4.31) 
If it is assumed that the turbulence undergoes a power law decay, behaviour 
that is normally found for classical turbulence grids (Cornte-Bellot & Corrsin 1966, 
Mohamed & Larue 1990, Mydlarski & Warhaft 1996) Le.: 
-n 
U 12 UI ef 
2 X-XO 
Lref 
) 
(4.32) 
(where U'ref and Lref are suitable reference turbulence velocity and length scales) 
and using eqn. 4.31: 
32 -n-1 t2 -n m 
rx- 
x0) Lf 15v r'ýf 
(X - xo) (4.33) 
2 nU. 
f, 1 U'ef 
( 
Lref \2 Lref 
3n U. x- x0)-1 15v (4.34) -= 72 2 Tref 
fel 
( 
Lref 
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Finally A decay is described by: 
, 
\2 
10V X- XO (4.35) 
7, -: 1 U. This result shows that (for the given assumptions) a power-law decay of u' results 
in A being independent of L,, f and u', f and decaying with an exponent of 1 r2 
The Cross grid A and A* decay data are shown in figs. 4.14(a) and 4.14(b). 
The differences between these two measurements are due to the differences in the 
estimates of dissipation, E and E*. 
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Figure 4.14: Cross Grids: A Decay, U,,, = 12 m/s. 
The turbulence decay exponent n, which is extracted from best data fit depends 
notoriously (Mohamed & Larue 1990) on the choice of the virtual origin xO. This 
is illustrated by fig. 4.15(a) where the decay of A for the PL 0.0 grid is shown with 
two different values of xo. When xO = 0.0 m, an exponent of 0.37 gives a good fit 
to the data at all downstream locations, whereas an exponent of 0.5 is found when 
xO = -0.54 m. The consequences of these two different xO values on the u" decay 
exponent can be seen in fig. 4.15(b) where they are substituted into eqn. 4.32. 
The best fit A decay power and u" decay power (u 12 (X) , (X _ XO) -n) were found 
for various values of xO and the results plotted in fig. 4.16. For the Cross grids, the 
value of xO which gave aA exponent of 0.5 ranged from about -0.5 m to -1.2 m, 
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Figure 4.16: Cross Grids: U,,. = 12 m/s 
typically for classical grids xO is found to be positive and small (of the order five 
grid mesh lengths) so a negative xO of this size is unusual. The xO values required 
to give aA exponent of 0.5 results in the U12 decay exponent varying being between 
1.5-2.5. George 1992 showed that in decaying turbulence n can vary from 2.5 to 1.0, 
tending to 1.0 as Reynolds number tends to infinity. The exponent of 2.5 is only 
obtained for very low Reynolds numbers (of the order 1) found in the final period 
of decay. The values of xO required to satisfy A- (x - xo)'-' for the grids are not 
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impossible, but the fact that they result in values of n, typically associated with 
extremely low Reynolds number turbulence makes them questionable. This analysis 
casts doubt as to whether in the decay range measured, it can be concluded that 
turbulence is decaying as a power law, indeed fig. 4.10 clearly shows that the key 
assumption of the analysis of this section, namely that E= E* is not true. However, 
it will be shown later in section 4.13 that these grids generally obey the principle 
of permanence of large eddies, a characteristic that requires power-law turbulence 
decay (Risch 1995). It is therefore concluded that the decay of A and u' is not in 
disagreement with power-law turbulence decay. 
If it is simply assumed that turbulence intensity does decay as a conventional 
power law and that xo coincides with the grid location, then it is found that the 
decay exponents lie within expected values normally found for classical grids. 
OL 0.18 0.45 0.58 0.00 Classical 
n. 1.13 1.07 1.13 1.21 1.43 
n, 1.30 1 
1.07 1 1.20 1 1.31 1.37 
Table 4.3: Cross Grid Turbulence Decay Exponents, xO = 0.0 m 
It is reiterated that the analysis of establishing the decay exponents of A and te' 
is notoriously sensitive to the selection of the virtual origin xO, it is also sensitive 
to the data that the researcher chooses to carry the analysis out on. Most classical 
grid work has been carried out at locations that are effectively significantly further 
downstream than the work done here. Indeed when reporting on how A evolved 
with downstream distance, Comte-Bellot & Corrsin 1971 only took measurements 
where 42 < x1M < 385, much further downstream than where these Cross grid 
measurements were made. Measurements at locations closer to the grids simply 
were not made. The fact that neither the Cross grids nor the classical grid tested in 
this work displayed concrete A- (X - XO)0.5 behaviour is not of particular concern as 
classical grids have not been shown to do this at such small downstream distances. 
It is perfectly possible that measurements made further downstream of the Cross 
grids would reveal A- (x - xo)'-' behaviour. 
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4.11.1 Alternative Method to Determine Decay Exponent 
Attempts were made to determine the decay exponent n by following the method 
outline by Wang & George 2002, where the decay exponent is determined indepen- 
dently of the virtual origin using the equation: 
1 dA2 10 (4.36) 
v dt n 
Attempts were made to follow this technique, however it turned out that eqn. 4.36 
was very sensitive to the gradient of A' streamwise development. When the resulting 
decay exponents were plotted at varying downstream distances a very large amount 
of scatter was present in the results. The amount of scatter made it impossible to 
determine a definitive decay exponent using this technique. 
a 
x (M) 
Figure 4.17: Classical Grid: Alternative n Determination. 
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4.12 Integral Length Scalings 
Characterising integral length development with time (or equivantly distance) of 
isotropic decaying turbulence has been an ongoing challenge for both experimental 
and computational turbulence researchers. Integral length development is commonly 
treated as obeying a power-law, ie: 
Li 
_, 
x-xo)m' (4.37) 
length 
(length 
where i denotes u, v, and w and length is some characteristic grid geometry scale. 
Theoretical values of m have varied from 2 (Kolmogorov 1941) to .1 (Dryden 1943). 72 
These agree well with the experimental results of Comte-Bellot & Corrsin 1966 for 
which 0.30 < m.,, < 0.53. The value of .1 has also been derived from a general 2 
equilibrium similarity theory by George 1992, which also concluded that the ratio 
of integral length to Taylor microscale should remain constant throughout decay 
(something confirmed by Comte-Bellot & Corrsin 1966). If this is true, then for 
turbulence which obeys a power-law decay, the integral length will also follow a 
power-law decay. 
It is reiterated that accurate integral length determination requires the acqui- 
sition of large data samples. As noted by Wang & George 2002, errors in the 
determination of the integral length can be caused by very low wavenumbers not 
being available. In this work, data was sampled for a period of time that captured at 
least 100,000 longitudinal integral lengths of the flow. These large data sets ensured 
that the determination of integral lengths would be converged to an accurate value 
and that the problem of missing low wave numbers would be minimised. 
It was shown in section 4.9 that: 
xT tmax L=Tf, 5 -, N, - (4.38) 
( 
tmax Tmin' tmin 
) 
For the Cross grids tested here, when t,,,,, is substituted for length in eqn. 4.37 
a good collapse of the data is found (fig. 4.18). 
Using the same technique that was used in section 4.11, the best fit L. decay 
power was found for various values of xO and the results plotted in fig. 4.19. If it is 
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Figure 4.19: Cross Grids: Normalised Integral Length Decay, U,,. 
12 m/s 
assumed that xO is roughly zero, then fig. 4.19 shows that for all the grids m. 0.4, 
typical of the values found for classical grids. 
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Figure 4.19: Cross Grids: L,, decay exponent variation with xo, Uý,, 
12 m/s 
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4.13 Permanence of Large Eddies 
Power-law turbulence decay is often seen as resulting from the principle of perma- 
nence of large eddies (Comte-Bellot & Corrsin 1966, Frisch 1995). The principle of 
permanence of large eddies is based on the assumption that at very large scales the 
energy spectra follows a power law: 
E(k) - kq (4.39) 
and that the inertial range of the power spectra follows: 
It is additionally assumed that: 
E(k) -03 
2k-I (4.40) 
(4.41) 
By analysing the scale at which eqns. 4.39 & 4.40 meet, it is reasonably straight 
forward to show that for turbulence which follows a power-law decay ie u r2 , _, (X - 
xo)-', the decay exponent is related to the exponent of the large scale energy spectra. 
_0 
(1+qý 
=2ý T-+q j (4.42) 
In addition, if the integral length L, follows a power-law development ie L- (x - 
xo)', then it can be shown that: 
2(l - m) (4.43) 
Combining all of these results, if the turbulence decay is obeying the principle of 
permanence of large eddies, the quantity "(xL x0) should be constant. The quantities 
uIx uIT !! '-' and -L- have been plotted as functions of x (fig. 4.20). V -Lu -U -Lw V L,, ULv 
It can be seen that all four quantities are fairly invariant with x, the ones involv- 
ing L. possibly more so than those involving L,. No discernable trend can be seen 
between the different grids as to whether the Permanence of Large Eddies principle 
is more valid for some grids than others. 
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4.14 Conclusions 
The Cross grids are geometrically a natural extension of the classical grid, and their 
geometry can be completely defined by 4 parameters. 
Pressure drop measurements show that the grids produce, for a given grid o-, 
similar (if generally higher) CAp values than previous classical grid testing. 
Both longitudinal and lateral homogeneity of the four iteration Cross grids is 
good, being very similar to that of the classical grid, whereas the three iteration 
Cross grid suffers a significant U deficit at the tunnel centre at all tested downstream 
locations. 
Production levels for all the grids is low, being less than 10 % dissipation at all 
tested downstream locations. 
The isotropy levels of the Cross grids are not dissimilar to classical grids, typically 
1.05 < u'/vl < 1.3. It was not possible from the results to make any conclusions 
regarding how how the different grid geometries were affecting isotropy. 
For all grids, both longitudinal and lateral integral lengths smoothly increase 
with x (a characteristic of homogeneous, isotropic, decaying turbulence) and are 
shown to primarily scale on tmax- 
L, 
fc4 
(I) 
(4.44) 
tmax tmax 
The Cross grids produce much higher than expected Reynolds numbers, given 
that they have very modest CAp values. It will be seen later in chapter 7 that 
the three iteration grid has been proven to produce a Taylor microscale Reynolds 
number of almost 800. This is a very important result, researchers are always looking 
for cheap ways to produce high Reynolds number flows in the laboratory. To date 
only by using large/fast/pressurised tunnels and/or by using active grids have such 
Reynolds number been achieved. The ability to produce high Reynolds numbers in 
a typically sized wind tunnel with a passive Cross grid is very powerful, enabling 
high Reynolds numbers to be achieved simply and cheaply. 
Disagreements between the two measures of dissipation suggest that the Cross 
grids produce turbulence which is anisotropic at the small scales. The dissipation 
estimates of the Cross grids suffer from c/e* having an x dependence, which results in 
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it not being possible to make firm conclusions regarding the nature of the turbulence 
decay, it can only be concluded that the results are not inconsistent with power- 
law decay. However it is noted that if power-law decay is simply assumed then the 
resulting decay exponents are typical of the values found by previous classical grid 
research, in addition, the turbulence decay is in agreement with the principle of 
permanence of large eddies, suggesting that the turbulence is probably obeying a 
power-law decay. 
The dimensional analysis carried out on the experiment provides important con- 
clusions regarding the potential experimental parameters that may be affecting key 
turbulent quantities. These results (combined with the experimental results) pro- 
vide valuable information for any future work, regarding which parameters control 
which turbulence characteristics and which parameters are poorly understood. 
A general turbulence intensity scaling equation has been found, which holds true 
for all the Cross grids tested in this work. 
(U)2 
,(1) fc2 
( 'r ) 
(4.45) 7- tr2c Ap Mef f 
This equation shows that the downstream turbulence decay scales on the effective 
mesh length of the grid, it also reveals the important and perhaps surprising result 
that tr2 is as important a parameter for controlling the magnitude of turbulence 
intensity as Cap. 
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Chapter 5 
Fractal I Grids: Mean Profiles, 
Isotropy and Homogeneity Levels 
and Stream-wise Dependencies 
5.1 Introduction 
This chapter provides an overview of the turbulence produced by two different gen- 
erations of I grid tested in two different wind tunnels. The first generation of grids 
were designed when nothing was known about the properties of fractal I grids, the 
lessons learned from these grids enabled the second generation to be designed so as 
to optimise flow homogeneity. The second generation were also designed to answer 
well defined questions regarding turbulence decay scaling that the first generation 
alone couldn't answer. 
This chapter provides an overview of the main results of the testing of the I 
grids. Firstly the geometries of the grids are described, as are the reasons behind 
why the geometries were chosen. Static pressure drop measurements are reported, 
these simple measurements are a fundamental measure of how much power is be- 
ing introduced into the flow. Results of longitudinal homogeneity traverses of the 
mean flow down-stream of the grids are described, the presence in some cases of a 
stream-wise velocity gradient implies that turbulence production is occurring. Mea- 
surements of production are made and compared to measurements of dissipation. 
Isotropy and lateral homogeneity levels of the different grids are discussed and the 
stream-wise growth of integral lengths is analysed to give a meaningful reference 
length to the size of any homogeneity regions. The Reynolds number of the flow is 
reported as this is one of the most important parameters used to characterise turbu- 
lence. Dimensional analysis is carried out on the experiment to find likely candidates 
for which grid geometric parameters are governing which turbulence quantities. The 
decay of the turbulence intensities is analysed and attempts are made to find uni- 
versal scaling lengths. Dissipation is measured two separate ways and the level of 
agreement between the two different measurement are analysed, any differences have 
consequences regarding the nature of turbulence intensity and Taylor microscale (A) 
downstream development. The decay of A is presented and attempts are made to find 
universal scaling lengths for the longitudinal and lateral integral lengths. Checks 
are carried out to see if the grids follow the principle of permanence of large eddies. 
Finally the main conclusions are summaxised. 
During all the testing the I grids were mounted in the I orientation and the axes 
are defined as z vertical, y horizontal. 
5.2 Design Summary 
The grids are 2-D structures of relatively complicated geometry. All the I grids 
were manufactured by Amalgamated Research, a US company who specialise in 
manufacturing fractal geometries for use in various engineering applications. The 
I grids were all made from 5 mm. deep acrylic, with the exception of the 3' five 
iteration grid, which was made from 1.61 mm deep steel. 
5.2.1 3' x 31 Tunnel 
Five I grids were tested in the 3' x 3' wind tunnel, four six iteration grids, and one 
five iteration grid. The six iteration grids were designed together and were designed 
to have the same blockage, but different Df (see table 5.1), to investigate the effect 
Df had on the turbulence. The Df of these grids is predominantly governed by RL 
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(see eqn. 2.60), the criteria that the grid fills the tunnel (eqn. 2.21) determines a 
relationship between RL and LO. Therefore once Df is selected, RL and LO (and 
hence all lengths) are determined. With all the lengths determined, the blockage 
is a function of the thicknesses of the grid iterations. For reasons described below, 
t,, i,, was fixed at 1.0 mm, therefore the other thicknesses (and hence blockage) are 
controlled solely by Rt, which is selected to achieve the desired blockage of 25%. At 
this point the geometry is completely defined and the parameters, 3t andOL can be 
calculated (see eqns. 2.10 and 2.11). For these grids where t"'j" and 0' were fixed, 
an increase in Df results in an increase in, 3L and 3t. 
Any wind tunnel turbulence-generating grid effectively instantaneously forces the 
flow as it passes, but unlike conventional grids, fractal grids will instantaneously force 
the flow at multiple scales. For the six iteration grids, t,,, i,, was set to be 1.0 mm to 
ensure that the range of scales present in the generated turbulence did not extend 
significantly below the scales of the fractal forcing. If the turbulence scales did 
extend significantly below the forcing scales, the turbulence at these small scales 
could be expected to behave like classical grid generated turbulence. The choice of 
t,,, i,, = 1.0 mm was made because typically, for turbulence produced in similar sized 
wind tunnels operating at similar speeds to the one used here, the Taylor microscale 
is of the order (or slightly above) 1.0 mm and the Kolmogorov microscale is less 
than an order of magnitude smaller than this (Mydlarski & Warhaft 1996). Due to 
manufacturing constraints, t,,, i,, could not be less than 1.0 mm. 
The five iteration grid was designed after the previous four. It had a higher 
blockage of 31 %, one less iteration and a larger t,,, i,, than the previous grids. It 
was designed to investigate any effects these parameters may have on turbulence. 
The grid had Df = 2.0 and positive values of 3t and 3L, a result of the blockage 
being distributed more at the small scales than at the large scales. It is for this 
reason that the five iteration grid has a larger blockage than the six iteration grids 
despite having a smaller tma.,, and Lmax. By virtue of its higher blockage, this grid 
was designed to generate higher turbulence intensities and Reynolds numbers. 
The blockages of these grids are quite low compared to classical grids where the 
blockage has typically been 34% (Comte-Bellot & Corrsin 1966, Mohamed & Larue 
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1990, Schedvina, Stegen, & Gibson 1974). The blockages were chosen to satisfy 
the requirement that the g eometry should not overlap itself (eqns. 2.30 & 2.31). 
This requirement essentially determines a maximum that is possible for a given 
RL and N. The fixed t,, i,, of the six iteration grids equates to a constraint on the 
maximum possible grid blockage. For these grids, 25% blockage allowed RL (and 
hence Df) to be varied over a relatively broad range of values. It was feared that 
if the blockage was dropped any lower then the grids would have been structurally 
weak. The five iteration grid had a different t,, i,, and N to the six iteration grids, 
enabling it to be designed with a higher blockage. 
The geometries of the grids are summarised in tables 5.1 & 5.2. The error 
on the grids blockage is estimated by assuming the thicknesses of all iterations 
to be accurate within plus/minus the diameter of the manufacturing cutting laser 
(0.15 mm). Fig. 5.1 shows scaled diagrams of the grids. 
N Df ßt ßL a (%) Mff (MM) t, L, 
6 1.68 -0.49 -0.38 25±1.0 50 43.8 129.6 
6 1.79 -0.25 -0.21 25±1.7 31 34.0 69.1 
6 1.87 -0.13 -0.11 25±2.1 25 29.2 51.9 
6 1.98 0.00 0.00 25±2.5 21 24.9 40.7 
5 2.00 0.40 0.69 31±1.4 36 5.0 15.8 
Table 5.1: 3' 1 Grids Geometry Overview 
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6, Df = 1.98. (b) N=6, Df = 1.87. 
N=6, Df = 1.79. (d) N=6, Df = 1.68. 
5, Df = 2.00. 
Figure 5.1: 3' 1 Grids: Scaled Diagrams. 
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Grid Df 1.68 Df 1.79 Df 1.87 Df 1.98 Df 2.00 
Lo (mm) 570.3 524.8 503.1 483.9 468.3 
L, (MM) 
, 215.2 225.1 228.4 230.5 235.1 
L2 (MM) 81.2 96.6 103.7 109.8 118.0 
L3 (mm) 30.7 41.4 47.1 52.3 59.2 
L4 (MM) 11.6 17.8 21.4 24.9 29.7 
L5 (mm) 4.4 7.6 9.7 11.9 - 
to (MM) 43.8 34.0 29.2 24.9 20.0 
ti (MM) 20.6 16.8 14.9 13.1 13.4 
t2 (MM) 9.7 8.3 7.6 6.9 8.9 
t3 (MM) 4.5 4.1 3.8 3.6 6.0 
t4 (MM) 2.1 2.0 2.0 1.9 4.0 
t5 (MM) 
1 
1-0 
1 
1-0 
1 
1.0 
1 
1.0 
1-1 
Table 5.2: 3' 1 Grids Detailed Geometry 
119 
5.2.2 18" x 18" Tunnel 
The results from the I grids tested in the 3' x 3' tunnel suggested that a high 
grid Df was required for good pressure and flow homogeneity, so the 18" 1 grids 
were all designed to have a fractal. dimension of 2.0. To achieve this, RL was set 
to 0.5 (see eqn. 2.60) for all grids, resulting in the length geometry of each grid 
being almost identical (see table 5.4). Like the six iteration 3' 1 grids, the 18" 
I grids were all designed to have the same blockage of 25 % to ensure that any 
differences in the turbulence produced by the different grids could not be attributable 
to different blockages. The grids all had four iterations because, for this blockage, 
in this smaller tunnel a larger number of iterations would have severely limited the 
range of geometries that could be investigated due to the manufacturing requirement 
that t .. >1 mm. The constraint of fixed RL and N results in Mff being virtually 
constant for all grids (eqns. 2.49 and 2.43), it was therefore possible to clearly 
distinguish between Mff and t ...... scalings, something which was not possible with 
the 3' 1 grids alone (see section 5.10.1). For these grids where RL and o, were fixed, 
an increase in t, resulted in a decrease in 3L and 8t (see eqns. 2.12,2.13 and 2.16). 
The geometries of the grids are summarised in tables 5.3 and 5.4 and scaled 
diagrams are shown in fig. 5.2. 
N Df 1 pt ßL u (%) Mff (MM) t, L, 
4 2.00 1.25 0.55 25: Ll. 4 36.9 2.5 8.0 
4 2.00 0.30 0.23 25±1.4 36.4 5.0 8.0 
4 2.00 
1 
-0.04 -0.04 25±1.4 35.9 8.5 8.0 
4 2.00 -0.17 -0.21 25±1.5 35.7 13.0 8.0 
4 2.00 -0.25 
1 
-0.34 25±1.5 
1 35.5 1 
Table 5.3: 18" 1 Grids Geometry Overview 
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2.5 (b) t, = 5.0 
8.5 (d) t, = 13.0 
17.0 
Figure 5.2: 18' 1 Grids: Scaled Diagrams. 
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Grid t, 2.5 t, 5.0 t, 8.5 t, 13.0 t, 17.0 
Lo (mm) 236.2 236.9 237.2 237.5 237.6 
L, (MM) 118.1 118.4 118.6 118.7 118.8 
L2 (MM) 59.1 59.2 59.3 59.4 59.4 
L3 (MM) 29.5 29.6 29.7 29.7 29.7 
to (MM) 9.5 14.4 18.9 23.1 25.8 
ti (MM) 7.0 8.4 9.3 9.8 10.0 
t2 (MM) 5.1 4.9 4.6 4.2 3.9 
t3 (MM) 3.8 2.9 2.2 
- r 
1.8 1.5 
Table 5.4: 18" 1 Grids Detailed Geometry 
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5.3 Static Pressure Drop 
Due to the lack of rotational symmetry of the grids, two measurements of the static 
pressure drop across the grids were made. The measurements were made at the 
midpoint of one vertical wall and at the midpoint of one horizontal wall (fig. 5.3). 
Any difference between the two AP's indicates non-homogeneity of the flow near 
the grid. 
Veidcal Wall 
Pressure 
Tapping 
Figure 5.3: Pressure Tapping Locations. 
5.3.1 3' x 3' Tunnel 
For the six iteration grids, the difference between the CAp measured at the two dif- 
ferent locations increases dramatically with decreasing grid Df (fig. 5.4), suggesting 
that flow homogeneity worsens as grid Df decreases. 
Qualitatively, the average CAp can be inferred from the power settings required 
for the wind tunnel to run. In the testing carried out, similar power levels were 
required for all the six iteration grids, implying that the drag of the grids was 
similar. This suggests that the CAp measured on the vertical wall may be a better 
indicator of overall grid drag than the CAp measured at the horizontal wall, which 
is strongly dependent on the grid. 
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Figure 5.4: 6 Iteration, 3' 1 Grids: Variation of CAp with Df , U,,. = 12 m/s. 
For the five iteration grid there was less than a 1% difference between the C&p 
(average value 1.16) measured at the two different locations. It is not surprising 
that the five iteration grid has a higher C, &p than the six iteration grids because its 
blockage is higher. 
Rom simply measuring the pressure drop at these two different locations it can 
be concluded that irrespective of the number of gid iterations, the homogeneity of 
CAp improves as Df and/or flL and/or flt increases. This result ties in with the fact 
that the geometry of the grids becomes more spatially homogeneous as Df increases. 
While it is not certain that the CAp measured at the vertical wall is quantitatively 
representative of the overall grid drag, the wind tunnel settings do suggest that it 
is qualitatively representative. For this reason the vertical wall Cap measurements 
were used to scale the turbulence intensities in section 5.10.1. 
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5.3.2 18" x 18" Tunnel 
For all the 18" 1 grids there was negligible difference between C, &p measured on the 
vertical and horizontal walls, suggesting homogeneity of pressure drop across the 
grid. These grids have the same Df but different values of j3L and '3t, the conclu- 
sion from section 5.3.1 that CAp homogeneity improves as Df and/or, 3L and/orat 
increases can be refined and it can be concluded that for I grids CAp homogeneity 
is governed by Df and not by 3L or 8t. 
The pressure drop across the grids was almost identical with only a ±6% variation 
between the minimum and maximum values (fig. 5.5). Such small variations are to be 
expected within experimental error. The Betz manometer used to measure AP was 
accurate to within ±1% and the grids won't have absolutely identical blockage due 
to manufacturing variation (see table 5.3). It is concluded that Cap is approximately 
independent of t, and hence PL and, 3t (see eqns. 2.12 & 2.13). 
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Figure 5.5: 18" 1 Grids: Vaxiation of CAp with t, U,,. = 10 m/s. 
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5.4 Homogeneity 
5.4.1 Stream-wise Mean Velocity Profiles 
In both wind tunnels, with U,,. fixed, the mean velocity was measured along the 
centre-line, in 0.25 m increments along the working section length. 
3' x 3' Minnel 
The results show a mean velocity deficit of up to 20 % near the grids. This deficit 
gradually recovers with increasing x to around 5-12 %, 4.25 m downstream. 
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Figure 5.6: 3' 1 Grids: U,,. = 12 m/s 
As mentioned in section 4.4.1, the presence of a mean velocity gradient may 
be caused by transverse inhomogeneity and/or turbulence production near the grid 
and/or the adverse pressure drop caused by the grid. The presence of a mean ve- 
locity gradient far downstream from the grid suggests that turbulence production is 
occurring locally. It is necessary to quantify any production that may be present in 
order to gain an idea of how much influence it may be having on the flow. Dissipa- 
tion and production are calculated (using eqns. 3.13 and 3.16) at all downstream 
locations and the ratio of their values compared (fig. 5.6(b). 
For the 3' 1 grids production is always less than 12 % of dissipation, and is 
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generally less than 6% of dissipation. There is no apparent pattern in the levels of 
production generated by the different grids. 
In conclusion, for all grids, production is small in magnitude and increases 
slightly with x. It is not possible to tell from the scatter on fig. 5.6(b) whether 
production is a function of grid geometry or not. 
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Figure 5.7: 18" x 18" 1 Grids: U,,. = 10 m/s. 
The mean flow velocity results show that close to the grids, there is a velocity 
deficit of between 15 % and 40 % as the grid t, varies from 2.5 to 17.0. The velocity 
deficit of each grid gradually recovers with increasing x and by 3.5 m downstream 
the largest deficit is 12 %. The behaviour of the t, 2.5 grid is noticeably different to 
the others, with U/U,,,, downstream of 1.0 m, being almost constant at about 1.04. 
For the other grids, U/U., never exceeds 1.0. 
The presence of a stream-wise mean velocity gradient suggests that turbulence 
production is occurring locally (eqn. 3.16). For all the grids tested here, production 
is always less than 30 % of dissipation. There is a peak in production for all grids 
(apart from t, 2.5) at about 2.5 m downstream, the height of this peak increases 
with grid t, Downstream of 2.5 m, for all grids production decreases but it is not 
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possible to speculate about any asymptotic behaviour. On average production is an 
increasing function of grid t,. 
These results show that (with the exception of the t, 2.5 grid) for all grids, 
production exceeds 10 % of dissipation somewhere within the test section. It is also 
seen that the levels of production reach significant values, are dependent on x, and 
increase as a function of grid t,.. 
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5.4.2 Lateral Measurements 
5.4.2.1 3' x 3' Tunnel 
With U,,,, fixed, homogeneity profiles were taken on the y and z axes at two down- 
stream distances of 3.75 m and 4.25 m, in 0.05 rn increments. It was acknowledged 
that an absence of homogeneity at a given downstream location would rule out ho- 
mogeneity at any location closer to the grid, therefore it was decided that the main 
measurements should be taken far downstream. 
The results of y-axis traverses at x=4.25 m using the AALab anemometer are 
shown in fig. 5.9. In addition, the results of some y-axis traverse measurements that 
were made of the six iteration grids with the 'Wombat' anemometers at x=3.75 m. 
are shown in fig. 5.8. 
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Figure 5.8: 3' 1 Grids: y Axis Homogeneity T! raverses, x=3.75 m, U. 
12 m/s, Wombat Anemometer Results 
The y axis profiles show a fairly broad region of approximate homogeneity a-round 
the tunnel centre-line. Comparing figs. 5.8 and 5.9 it can be seen that for all grids 
the homogeneity of both U and u' improves as downstream distance increases. 
Concentrating solely on fig. 5.9, it can be seen that the profiles of U are qualita- 
tively similar for all the six iteration grids, there being low velocity in the centre of 
the tunnel and high velocity at either side. The homogeneity of U increases with in- 
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Figure 5.9: 3' 1 Grids: y Axis Homogeneity Traverses, x=4.25 m, U,,. 
12 m/s 
creasing grid Df, the Df 1.98 grid having a velocity variation of axound 21 % across 
the tunnel compared with 27 % for the Df 1.68 grid. This trend of homogeneity 
increasing with increasing grid Df is the same as that found for CAp homogeneity 
as reported in section 5.3.1. 
The y-axis homogeneity of the five iteration grid is much better than that of 
any of the six iteration grids. The high speed regions towards the tunnel sides are 
much less pronounced, the variation across the tunnel being around half that of the 
highest homogeneity six iteration grid. 
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The u'/U traverses reveal that the turbulence intensity of the six iteration grids 
is at a minimum in the tunnel centre, it peaks at y/T ý-- ± 0.25, then reduces as the 
tunnel walls are approached. The difference between the minimum and maximum 
intensities across the tunnel is roughly 3% u'/U. For the six iteration grids, the 
region in which u'/U homogeneity exists increases in width with increasing grid Df. 
The five iteration grid has significantly better u'/U homogeneity than any of the 
six iteration grids. Turbulence intensity is at a minimum in the tunnel centre, then 
unlike the six iteration grids it peaks at around y/T =±0.15, then reduces again 
between these points and the tunnel walls. The difference between the minimum and 
maximum intensities is roughly 1% u'/U, a much lower difference than is produced 
by any of the six iteration grids. 
The v'/U profiles of all the grids are qualitatively the same as the u'/U profiles, 
although the difference between the maximum and minimum values is much less. 
For all the grids, the homogeneity of v'/U is improved by increasing grid Df. 
The z axis homogeneity profiles (fig. 5.10) generally show the opposite charac- 
teristics to the y axis profiles. The U profile is similar in shape to the y axis U 
profile, but the region of homogeneity is much broader. The homogeneity of the U 
profile improves with decreasing grid Df and the worst variation is around 15 % of 
U,,,,. For all grids the z axis mean velocity profile is more hom9geneous than the y 
axis profile. 
The u'/U traverse reveals that the turbulence intensity of all grids is at a mini- 
mum in the tunnel centre, then it gently increases as the tunnel walls are approached. 
For the six iteration grids u'/U homogeneity improves as grid Df decreases, with the 
Df 1.68 grid having almost perfect homogeneity across the whole tunnel. The five 
iteration grid has similar levels of u'/U homogeneity as that of the six iteration Df 
1.98 grid. For all grids, w'/U homogeneity improves slightly as grid Df increases. 
In conclusion, as grid Df increases, the homogeneity of U is improved along the 
y-axis and is degraded along the z-axis, but the extent of any inhomogeneity is much 
less along the z-axis, so on the whole, as grid Df increases, U homogeneity improves. 
The y-axis u'/U homogeneity improves with increasing grid Df and the z-axis 
u'/U homogeneity deteriorates with increasing grid Df. The extent of any inhomo- 
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Figure 5.10: 3' 1 Grids: z Axis Homogeneity TYaverses, x=4.25 m, U,,,, 
12 m/s 
geneity is the same along both axes, so on the whole, u'/U is unchanged by grid 
Df. 
v'/U and w'/U homogeneity both improve as grid Df increases. 
It can be concluded that the overall homogeneity of the region around the tunnel 
centre-line improves with increasing grid Df. Different grids have different sized 
regions of homogeneity but all grids have an approximately homogeneous region 
that is at least 7 lateral integral lengths wide (see section 5.5.1). 
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5.4.2.2 18" x 18" Tunnel 
With U... fixed, homogeneity traverses were carried out on the y and z axes at a 
downstream distance of 3.25 m in 25 mm increments. 
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Figure 5.11: 18" 1 Grids: y Axis Homogeneity 'IYaverse, x=3.25 m, U. 
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The y axis traverses shows that for all grids, the mean velocity is at a minimum 
at the tunnel centre and gradually increases as the tunnel walls are approached. The 
mean velocity of the t, 2.5 grid is significantly higher than that of the other grids, a 
characteristic also seen in fig. 5.7. For this grid there is roughly a5% difference in the 
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values of U at the tunnel centre between figures 5.7 and 5.11. These measurements 
were made on different days, the difference can be explained by slight errors in 
hot-wire calibration and/or hot-wire positioning and/or wind tunnel speed settings. 
From fig. 5.11 it can be seen that qualitatively all the grids have the same level of 
U homogeneity, suggesting that y-axis U homogeneity is unaffected by grid t,. With 
the exception of the t, 2.5 grid, which has excellent y-axis u'/U homogeneity, u'/U is 
at a minimum in the tunnel centre and increases as the tunnel walls are approached. 
Excluding the t, 2.5 grid, u'/U homogeneity improves with increasing grid t,. v'/U 
homogeneity behaves qualitatively in the same way as u'/U homogeneity, although 
quantitatively the v'/U profile is more homogeneous than the u'/U profile. 
In conclusion, along the y axis, the homogeneity of U is unaffected by grid t,. 
With the exception of the t, 2.5 grid, u'/U and v'/U homogeneity improves with 
increasing grid t,, with the v'/U profiles being more homogeneous than the u'/U 
profiles. 
The z axis traverse of U shows that with the exception of the t, 2.5 grid, the mean 
velocity is at a minimum at the tunnel centre and increases gradually as the tunnel 
walls are approached. For the t, 2.5 grid the opposite behaviour is seen, with the 
mean velocity being at a maximum at the tunnel centre, then decreasing gradually 
as the tunnel walls are approached. Despite this difference in behaviour, there is 
little quantitative difference between the U homogeneity levels of the different grids. 
For all the grids, u'/U is at a maximum in the tunnel centre and decreases as 
the tunnel walls are approached. It can be seen that all the grids have similar 
levels of u'/U homogeneity, although there may be a reduction in homogeneity with 
increasing grid t,. 
w'/U homogeneity is of a similar level to that of the u'/U homogeneity and it 
seems that the homogeneity of w'/U improves slightly with increasing grid t,. 
In conclusion, along the z axis, U homogeneity is unaffected by grid t,. u'/U, 
v'/U and w'/U homogeneity all improve with increasing grid t,. 
It can be concluded that on the whole, the homogeneity of the region around 
the tunnel centre-line improves with increasing grid t,. Different grids have differ- 
ent sized regions of homogeneity but all grids have an approximately homogeneous 
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region that is at least 4 lateral integral lengths wide (see section 5.5.2). 
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5.5 Integral Length Scales 
With U... fixed, the downstream development of the longitudinal and lateral integral 
lengths were measured along the tunnel centre-line, in 0.25 m increments along the 
working section length. 
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Figure 5.13: 3' 1 Grids: Integral Length Decay, U,,. = 12 m/s 
Fig. 5.13 clearly shows that the behaviour of the longitudinal length L., produced 
by the six iteration grids is very different to that produced by the five iteration grid. 
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For all the six iteration grids L. is large close to the grid, it initially grows until 
around 1.0 m downstream, after which it decreases, reaches a minimum at about 
2.5 m downstream, then starts to increase gradually. The stream-wise location at 
which L,, stops decreasing moves closer to the grid as grid Df increases. It is not 
a common characteristic of homogeneous decaying turbulence for L', to decrease 
with increasing x and it is unclear what this initial L.,, behaviour indicates about 
the flow. The five iteration grid displays more conventional L. behaviour, at all 
positions downstream of the grid L.. increases smoothly with downstream location. 
The actual geometries of the five iteration and the six iteration Df 1.98 grids 
appear visually similar (fig. 5.1), yet there is a qualitative marked difference between 
their L,,, behaviour, suggesting that the fine details of the grids impact on the bulk 
properties of the turbulent flows they generate. 
The behaviour of the lateral integral lengths (L,, and L,,, ) is much more typical 
of decaying grid turbulence. Neither lateral integral length shows the large scales 
exhibited by L. close to the grid, nor at any location does either of them decrease 
with increasing x, for all grids L, and L,, increase smoothly with increasing x. 
For the six iteration grids at all down-stream locations L., L, and L,,, decrease as 
grid Df increases. For the five iteration grid L. and L, measurements lie inbetween 
the Df 1.98 and 1.87 grids, and the L,, produced by this grid is smaller than that 
produced by any of the six iteration grids. For all grids at all downstream locations 
(beyond the unusual initial L. behaviour of the six iteration grids) L, < L,, < L,,. 
In isotropic turbulence L. = 2L, = 2L,,, (Pope 2001), therefore the result that 
L, < L,,, < L. suggests that all the grids are producing turbulence which is 
anisotropic at the large scales. This is considered in more detail in section 5.6.1. 
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5.5.2 18" x 18" Tunnel 
0.12 0.03 
-& 1, -2.5 
0.1- -0- tr - 5.0 0.025 
0 
-E3- tr - 8.5 
-4- t, - 13.0 0.08- t .10.02 tr 
: 
17.0 
E 0.06- 
%0.015 
0.04 0.01 
0.02 
2 
x (M) 
E 
0.015 
0.01 
34 2 
x (M) 
(b) L,, 
-& t-2.5 
-0- ý=5.0 - 
13.0 
17.0 
-& ý-2.5 - 
-0- tr - 5.0 
8.5 
13.0 
tr 17.0 
3 
23 
X (M) 
(c) L 
Figure 5.14: 18" 1 Grids: Integral Length Decay, U... = 10 m/s 
Fig. 5.14 shows the downstream development of the integral lengths produced 
by the different grids. The unusual L.,, behaviour seen in the six iteration 3' 1 grids, 
whereby L.,, initially decreases with increasing x, is seen again for the t,. 2.5 and 5.0 
grids. For the t, 2.5 and 5.0 grids, L.,, ceases to decrease by about 1.0 m and 2.5 rn 
downstream respectively. For the other grids L. behaves in a manner normally 
associated with decaying turbulence, it smoothly increases with increasing x. 
Far downstream, beyond the unusual initial behaviour of the t, 2.5 and 5.0 grids, 
with the exception of t,. 2.5, L,, increases with increasing grid t,. 
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The behaviour of the lateral integral lengths (L,, and L,,, ) is typical of decaying 
grid turbulence. Neither lateral integral length shows the large scales exhibited 
by L. close to the grid, nor at any location does either of them decrease with 
increasing x. For all grids the lateral integral lengths L, and L,,, increase smoothly 
with downstream distance. There is evidence of a small bump in L, at around 0.5 m 
downstream for most grids, but this is much smaller than the effect seen in L. for 
the t,. 2.5 & 5.0 grids. For all grids at all down-stream locations, L', and L" increase 
as grid t, increases. As was found for the 3' 1 grids, downstream of any unusual 
initial L,, behaviour, for all grids, L,, < L,,,, < L.,,, suggesting again the presence of 
large scale anisotropy (something that is discussed in more detail in section 5.6.2). 
It seems that to eliminate the unusual L.,, behaviour close to the grid not only is 
a high Df required, but also a low PL. Looking at these results in isolation it could 
be concluded that for a grid to not suffer from this uncharacteristic L. behaviour 
its geometry should satisfy flL < 0.0, however the five iteration grid tested in the 
3' x 3' tunnel had PL = 0.69. This grid also had a different blockage and number of 
iterations to the grids tested in the 18" x 18" tunnel. It can therefore be concluded 
that whether a grid produces this L,, behaviour depends on a combination of Df, 
a, OL and N. Results indicate that having a high Df and/or low flL may minimise 
the likelihood of this unusual L. behaviour. 
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5.6 Isotropy 
5.6.1 3' x 3' Tunnel 
5.6.1.1 Stream-Wise Development 
The stream-wise development of large scale isotropy measurements (uý /V), u) /w) 
v'/w') on the tunnel centre-line have been analysed and plotted. 
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Figure 5.15: 3' 1 Grids: Isotropy Decay, U,. = 12 m/s 
In general all the grids produce quite anisotropic turbulence with clear anisotropy 
existing in the vw plane. 
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u'/v' downstream development is almost identical for all of the six iteration grids, 
no clear trend in u'/v' behaviour with grid Df can be established. Initially u'/v' 
increases to roughly 1.6 by about 1.0 m downstream, it then decreases to about 
1.5 by 4.25 m downstream. The five iteration grid behaves slightly differently, with 
u'/v' increasing from 1.1 to 1.6 as x varies from 0.5 m to 2.75 m. Downstream from 
this point u'/V1 remains roughly constant. 
For all six iteration grids u'/w' decreases with x until about 2.5 rn downstream, 
after which it remains constant. For the Df 1.98 grid u'/w' asymptotes to 0.9, 
whereas for the other six iteration grids u'/w' asymptotes to roughly 1.0. For the 
five iteration grid u'/w' is almost constant at 1.05 at all downstream locations. 
The v'/w' behaviour of all grids is almost identical, with v'/w' decreasing with x 
and reaching an asymptote at about 2.0 m downstream. The value of the asymptote 
varies from 0.62 to 0.70 as grid Df increases. 
A key difference between the I grids and previous turbulence grids (namely clas- 
sical and active grids) is that for the I grids v' 0 w'. It is this characteristic which 
makes their overall isotropy relatively poor, far downstream v' < w' = U! for all 
grids except for grid Df 1.98, where v' < u' < w'. 
In conclusion, the anisotropic I grid geometry produces anisotropic turbulence 
where u'/v' = 1.0, u'/w' = 1.5 and v'/w' = 0.65. It is striking that despite the 
fact that there are significant differences between the geometries of the different 
grids, the levels of anisotropy seen in the turbulence are very similar for all grids (± 
7% agreement). This suggests that isotropy may have a dependence on Df that is 
offset by a dependence onOL and/or Ot. From looking at the grid scale diagrams 
(fig. 5.1) it might be expected that the low Df grids would generate more anisotropy 
in the turbulence than the high Df grids. This is not the case, suggesting that the 
large-scale turbulence anisotropy is generated by the multiple-scales of the fractal 
grids and not specifically by their large scales. This conclusion, which at this stage 
is tentative, is corroborated in the 18" x 18" wind tunnel (see section 5.6.2) 
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5.6.1.2 Homogeneity Traverses 
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Figure 5.16: 3' 1 Grids: Isotropy lYaverses, x=4.25 m, U,,,, = 12 m/s 
Traverses reveal that there are significant variations in isotropy across the tunnel. 
The y-axis traverse shows that u'/V' is around 1.4 for all grids in the centre of the 
tunnel. As y/T =±0.25 is approached, for the six iteration grids u'/v' increases 
to as much as 1.7, while for the five iteration grid u'/v' decreases to 1.25. For all 
grids, between y/T =±0.25 and the tunnel walls, u'/v' tends to around 1.4 again. 
The z-axis traverse shows that u'/w' is around 1.0 for all grids in the tunnel 
centre. For all grids, as the tunnel walls axe approached u'/w' increases steadily to 
around 1.5 at y/T =±0.35 and shows no signs of having reached an asymptote. 
5.6.1.3 Velocity Skewness 
3 
The skewness of the longitudinal velocity S(u) has been plotted as a 
function of downstream location (fig. 5.17). 
For the six iteration grids, at all downstream locations the skewness is a decreas- 
ing function of grid Df. For the six iteration grids, beyond about 3.0 m downstream 
the skewness is roughly invariant with x, but does depend on grid Df, varying from 
0.2 to zero as grid Df varies from 1.68 to 1.98. The five iteration grid skewness 
behaves very similarly to that of the six iteration Df 1.87 grid. With the exception 
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Figure 5.17: 3' 1 Grids: Skewness Decay, U... = 12 m/s 
of the Df 1.98 grid a skewness of zero is not attained and there is no indication that 
skewness tends to zero with increasing x as is found for classical grids (Mohamed & 
Larue 1990). 
It can be concluded that the different grids display differing levels of anisotropy 
as indicated by S(u) and that (with the exception of the five iteration grid) S(u) 
tends to zero as grid Df increases. 
5.6.2 18" x 18" Tunnel 
5.6.2.1 Stream-Wise Development 
The stream-wise development of large scale isotropy measurements (u? /V), ul /wV 
v'/w') on the tunnel centre-line have been analysed and plotted. 
It is instantly noticeable that, unlike the results of the 3' 1 grids, the isotropy 
measures u'/v', u'/w' and v'/w' are significantly different (even far downstream) for 
the different grids. It is clear that the different geometry of each grid is having a 
direct effect on the anisotropy of the flow at all tested downstream locations. For 
all grids (downstream of 1.0 m) V< w' < u'. 
No obvious trends can be detected in the u'/v' plot, however it can be concluded 
that for all grids beyond about 1.0 m downstream the isotropy does not vary signif- 
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Figure 5.18: 18" 1 Grids: Isotropy Decay, U,,,, = 10 m/s 
icantly. It can also be concluded that generally 1.27 < u'/V' < 1.55, values which 
are significantly higher than those typically found for classical or active grids, but 
generally lower than values found for the 3' 1 grids (where 1.45 < u'/v' < 1.55). 
Ignoring the t, 2.5 grid the u'/w' values (at all locations beyond about 1.0 m) 
increases from about 1.0 to 1.4, as grid t, increases ie u'/W' isotropy worsens as 
grid t, increases. Ignoring the t, 2.5 grid the v'/w' values (at all locations beyond 
about 1.0 m) increases from about 0.7 to 1.0, as grid t, increases ie v'/w' isotropy 
improves as grid t, increases. On balance the overall isotropy worsens slightly as 
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gid t, increases. 
The t, 2.5 grid behaves differently to the other grids which show evidence that 
systematic changes in fractal geometry are systematically affecting the turbulence. 
This was not seen in the 3' x 3' tunnel, it seems that isotropy is controlled by a 
combination of 3L, 3t and Df and that coincidentally, for the 3' 1 grids, the different 
dependencies cancelled one another out. 
5.6.2.2 Homogeneity naverses 
Týaverses measuring isotropy are shown in fig. 5.19, they reveal significant variations 
in isotropy across the tunnel. In the centre of the tunnel the isotropy u'/v1 is around 
1.4 for all grids. For the t, 2.5 grid, as y/T =±0.25 is approached, u'/v' decreases 
to 1.3. For the other grids, as y/T =±0.25 is approached, u'/v' increases to values 
as high as 1.65. 
u'/w' isotropy varies between around 1.0 and 1.3 in the centre of the tunnel and 
with the exception of the t, 2.5 grid, is an increasing function of grid t,. Excluding 
the t, 2.5 grid, as t, increases, the width of the u'/w' homogeneity region at the 
tunnel centre increases, but the value of u'/w' becomes less isotropic. 
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Figure 5.19: 18" 1 Grids: Isotropy Traverses, x=3.25 m, U... = 10 m/s 
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5.6.2.3 Velocity Skewness 
Fig. 5.20 shows that the skewness of the t, 2.5 and 5.0 grids seem to asymptote 
to a value of 0.0 as x increases, whereas the skewness of the other grids seem to 
asymptote to a value of 0.4, with the highest t, grid reaching the asymptote first. 
The asymptotic skewness value of gids t, 8.5,13 and 17 is much larger than the 
values measured downstream of a Classical grid, where the largest S(u) occurs at x 
=0 and is found to have a value of 0.09 (Mohamed & Larue 1990). 
The lack of stream-wise isotropy, as indicated by non-zero skewness, agrees with 
the results of section 5.6.2 where measures of u'/v, u'/w' and v'/w' also showed that 
the flow produced by these grids is anisotropic (fig. 5.18). 
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Figure 5.20: 18" 1 Grids: Skewness Decay, U,,,, = 10 m/s 
5.6.2.4 Effect of Additional Bar on Isotropy 
In an attempt to further understand how turbulence isotropy was controlled by the 
geometry of the I grids, an additional bar with a similar thickness (17 mm) to the 
largest I feature was added to each of the 18" 1 grids so as to impose some large-scale 
rotational symmetry. The addition of this bar increased the blockage of the grids 
from 25.0% to 28.7%. Measurements of isotropy made on the tunnel centreline, 
3.25 m downstream, with and without the additional bar are shown in fig. 5.22. 
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Figure 5.21: Generic I grid With Additional Horizontal Bar. 
The addition of the bar did not niodft tile results concerning u'. x, ' and w' in 
stich a way as to perinit, the conclusion that the anisotropy of the How is primarily 
due to the largest bars of the grid. The bar improved the u'/v' and v'/w' isotropy 
of the t,. 2.5 & 5.0 grids whilst worsening the ii'/w' isotropy. The bar worsened 
the ll'/V' and V'/W' isotropy of the t, 13.0 &-, 17.0 grids whilst improving the ti"/w' 
isotropy. The bar had little ýiffect oil the isotropy of the t, 8.5 grid. 
From these results it can be concluded that the anisotropy of turbulence produced 
by I grids is governed by a complicated function of the relationships between the 
different scales of the grids. The fractal grids large-scale ailisotropy seenis to result 
from the anisotropy of' all the grid scales, not just from the largest scales. 
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5.7 Reynolds Number 
For the reasons outlined in section 4.7, R, \ has been chosen as the Reynolds number 
used to characterise the turbulence produced by the grids. 
5.7.1 3' x 3' Tunnel 
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Figure 5.23: 3' 1 Grids: R, \ Decay, U,,. = 12 m/s 
As discussed in section 4.7, classical grids tested in similar sized tunnels, op- 
erating at similar speeds to the tunnel used here, typically achieve a R, \ of 100 
(Mohamed & Larue 1990). Looking at fig. 5.23, it can be seen that the I grids 
tested here produced significantly higher Rx (by a factor of 2-3) than would be pro- 
duced by classical grids of similar blockage in a tunnel of this size operated at this 
speed. The classical grid described in chapter 4 achieved the same R, \ as the worst 
performing I grid tested here but its blockage was almost double that of the I grids. 
For the six iteration grids, the smaller the grid Df, the greater the R, \ produced. 
At distances less than about 2.0 m downstream, R, \ reduces significantly with in- 
creasing x. The six iteration I grids, despite having the same C&p values, produce 
different values of R, \, suggesting that something in their different fractal geometries 
is controlling the R. \ values. 
The R, \ produced by the five iteration grid does not vary with x to the same 
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extent as the six iteration grids, R, \ is almost constant with x. Downstream of 
around 2.0 m the five iteration grid produces very similar R, \ flow to that of the six 
iteration Df 1.98 grid despite having almost double the Q&p. This result, combined 
with the different R, \ values produced by the identical blockage six iteration grids 
indicates that the turbulence produced by the I grids may be directly controlled by 
one or more of the grids fractal geometric parameters. 
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Figure 5.24: 18" 1 Grids: R, \ Decay, U,,,, = 10 m/s 
Mydlarski & Warhaft 1996 tested 34 % blockage classical grids mounted in a 
similar sized tunnel to this, operating at 7 m/s and found Rx to be = 50-100 (de- 
pending on the mesh size of the grid). The same researchers achieved R, \ = 377 
when testing an active grid in the same tunnel operating with U .. )= 10.4 m/s. This 
active grid consisted of a lattice of rotating bars, upon which were mounted 'wings', 
which agitated the flow. The high R, \ was achieved at a large cost. The active 
grid was complex and would have been expensive, to both manufacture and use, 
requiring external power in order to operate. In addition, Qjp measurements were 
not reported and while it is unclear what the effective blockage of an active grid is, 
it is known that the minimum blockage of the grid is 24 %. It is almost certain that 
the effective blockage lies inbetween 24 and 100 % and as such would be expected 
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to result in significant CAp values. 
Fig. 5.24 shows the R, \ development downstream of the 18" 1 grids. R, \ is almost 
constant for all locations beyond a point that moves closer to the grid as grid t, 
increases. The grids produce R, \ values up to six times greater than the classical 
grids tested by Mydlarski & Warhaft 1996 and up to 80 % of the R, \ achieved with 
their active grid. 
With the exception of the t, 2.5 grid, R, \ is an increasing function of grid t,.. 
This systematic R, \, t, dependence confirms the results of the 3' 1 grids, that the 
turbulence produced by the I grids may be directly controlled by one or more of the 
grids fractal geometric parameters. 
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5.8 Dissipation Determination 
5.8.1 3' x 3' Tunnel 
The ratio of e/, E* is plotted in fig. 5.25 and it can clearly be seen that C/C* varies 
quite strongly, increasing almost linearly with x for all grids. 
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Figure 5.25: 3' 1 Grids: U,,. = 12 m/s 
4 
The uncertainty of the EIE* ratio is as much as ±42 %, though it is more typically 
less than ±20 %. Whilst ±20 % is a significant level of uncertainty, it is the same 
found by Mohamed & Larue 1990 at x/m = 25 downstream of a classical grid. 
As discussed in chapter 4, it is expected that eqns. 4.3 & 4.4 produce accurate 
estimates of dissipation only if there is small-scale isotropy. It has been seen in 
section 5.6.1 that these grids produce large-scale anisotropy, this may be responsible 
for small-scale isotropy which may be responsible for the uncertainties found in the 
dissipation estimates. The x dependence of e/E* has important consequences when 
it comes to establishing the nature Of U12 and A decay, something which is discussed 
in detail in section 5.11.1. 
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Figure 5.26: 18" 1 Grids: U,,,, = 10 m/s 
The ratio of EIE* has been plotted for the grids and as was found for the 3' 1 grids 
can be seen to vary with x for all grids. The uncertainty between the two dissipation 
measures is as much as ±50 %, though is more typically less than ±20 %, as was 
the case for the 3' 1 grids. 
As previously mentioned, any uncertainty in the e/E* values are thought to be 
caused by a lack of small scale isotropy and any x dependence of C/F-* has important 
consequences when it comes to establishing the nature of IZ2 and A decay, something 
which is discussed in detail in section 5.11.2. 
When estimating dissipation using eqn. 3.22, for all grids at all downstream 
locations, the measurements of E** were consistently 30 % smaller than that of E. 
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5.9 Dimensional Analysis and Consequences for 
U, u', A and L 
As discussed in chapter 2.3.2, the minimum variables that are required to fully 
describe the geometry of I grids axe: 
(T, N, Lmax i tmax 7 tmin) . (5.1) 
Repeating the analysis of section 4.9, it can be concluded that all characteristics 
of the turbulent flows produced by these grids are functions of the dimensionless 
parameters: 
x L,, ax 
Lmax tmax 
RTi CaPý 
-, N, (5.2) tmax T2 tmin I tmin 
) 
Assuming that U, u', L are independent of v for large R, \, the following can be 
written: 
x Lma. ý U=U,, fIl Cap, -7 N7 
Lmax tmax 
(5.3) 
tmax T tmin tmin 
x Lma., 
Ul = Uoo f12 CAp, -, N, 
Lmax tmax 
(5.4) 
tmax T tmin tmin 
x Lmax 
L=T f13 Cap, -, N, I 
Lmax tmax 
(5.5) 7 
) 
tmax T tmin tmin 
No such dimensional independence on viscosity of A can be assumed because A is a 
small scale length. Hence: 
U- 
10) 
gi 
(RTi 
CAPi c N, 
Lmaý, Lmax tmax, 
A -== 
ý(x (5.6) 
tmax TI tmin I tmin 
) 
where xO is a 'virtual' origin that may or not correspond to the grid location. 
It is now assumed that U is independent of x far downstream from the gid (this 
is generally confirmed by the results, see figs. 5.6(b) & 5.7): 
Um fIl CAp, N, 
Lma, Lmax tmax 
(5-7) 
TI tmin I tmin 
) 
The U... dependence of A, U, u' and L. were measured far downstream from the 
grids, for both the 3' and 18" 1 grids, L-U,, 00, 
\, UOO-0.2, Ut , U00 and U- Uo,, 
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Figure 5.27: 3' 1 Grids: x=4.25 m 
(figs. 5.27 & 5.28). The result that A-U 00 -0.2 implies that A has a power law 
dependence on RT and CAP, enabling eqn. 5.6 to be made more specific: 
x Lm,, x 
Lmax tmax. 
A= ý-` 
U"XO) 
0 N, (5.8) 
(X - XO) RT(7' CAP 91 
( 
tmax IT' tmin ' tmin 
For this equation to satisfy A-U 00-0.2 it is necessary that: a-2,3 = 0.3. The 
behaviour of A can now be described by: 
(V(X 
- xO) x ax 
Lmax tmax 
2 -0 m 
, N, 
L 
A=V -U. 
RTCI CAP(ý '1'5) 91 
( 
tmax TI tmin I tmin 
(5.9) 
where a is unknown. 
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Eqns. 5.3 & 5.4 imply that UIU,,. and u'/U.. are independent of U,,,,. CAp is 
also independent of U,,,,, hence: 
x L,,,,, x 
Lmax tmax 
U=U. fil -, N, (5.10) 
( 
tmax T' tmin ' tmin 
) 
IxL,,,,, x 
Lmax tmax 
Uoo f12 
-7N, 
(tmax 
TI tmin 7 tmin 
where CAp depends on N, Lmax 7 tmax i tmin, T 
L,,, 
a,, 
Lmax tmax 
CAP "': f14 
(N, 
TI tmin I tmin .) 
(5.12) 
The dependence of u'/U on CAp can in principle be retrieved via their depen- 
dencies on N, Tlt,,, i,, and 
tmax/tmin. The constraint (Ul/U)2 - CAp remains. 
Finally, the result that L-U,,. o (figs. 5.27(d) & 5.28(d)) implies: 
x L,,,,, x 
Lmax tmax 
L=Tf13 
-IN, (5.13) 
( 
tmax TI tmin I tmin 
) 
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5.10 Turbulence Decay Scaling 
Measurements made downstream of the grids show that for all grids, all fluctuating 
velocity components smoothly decay with x. This behaviour is qualitatively the 
same as that of traditional classic grids (Corrsin 1963) and more recently active 
grids (Mydlaxski & Warhaft 1996). 
From dimensional analysis it can be written that: 
u Lmax Lmax tmax )= CAPf12 N, (5.14) U tmax TI tmin 9 tmin 
) 
As discussed in chapter 2.6, Mff is another characteristic geometric scale, it can 
be interchanged at will with any of the lengths in the above equation. 
5.10.1 3' x 31 Rinnel 
Turbulence intensity measurements (fig. 5.29) reveal that for the six iteration grids, 
at all downstream locations, u'/U, v'/U and w'/U increase as Df (and 3L and 3t) 
decreases. The five iteration grid has the lowest levels of turbulence intensity close 
to the grid, but beyond about x=2.2 m, u'/U is slightly greater than the Df 1.98 
six iteration grid. 
All possible combinations of different grid geometry lengths were tried to find a 
collapse of the data and none worked as well as that of fig. 5.30 where u'/U, v'/U 
and w'/U are plotted as functions of x/t ..... ý. If the average CAp is the same for all 
the grids, as is expected for the six iteration grids (due to their identical blockage 
and similar wind tunnel power setting requirements) then either L .. axIT, Lmax/tmin 
and tmax/tmin which vary significantly from grid to grid do not influence the values 
of u'/U, v'/U and w'/U or they are having an affect in such a way that they cancel 
each other out. In addition, as the five iteration grid had a much higher CAp and 
required higher wind tunnel power settings than the six iteration grids, the collapse 
of fig. 5.30 suggests that there is a dependence on N that is offset by a dependence 
on Cap. 
Good data collapse was also found when u'/U, v'/U and w'/U were plotted 
as functions of xIAlff (see fig. 5.31). This scaling resulted in excellent collapse 
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Figure 5.29: 3' 1 Grids: Turbulence Decay, U,,. = 12 m/s 
for the six iteration grids, but not for the five iteration grid, which did not collapse 
with these grids. It was realised that for the six iteration grids Mff is (coincidently) 
proportional to (see tables 5.1 and 5.2), which explains why these grids collapse 
equally well when scaled on either Mf f or The five iteration grid has different 
M, ff C, &p and N to the other grids, hence the lack of collapse of fig. 5.31 
suggest that one or more of these parameters is affecting the turbulence. 
It is impossible (without data from more grids) to distinguish between: 
U 1)2 ný- 
, 
Lma.,,, Lmax tmax 
C, &Pfii: 3 
(im., 
NTI 
tmin I tmin 
(5.15) 
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and 
u 1)2 
= CAPf114 
(X, 
N, 
L,,, ax Lmax tmax, (5-16) _U Mef fTI tmin 7 tmin 
) 
The 18" 1 grids; were designed to be able to distinguish between expressions 5.15 & 
5.16 (see section 5.2.2). 
and 
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Figure 5.31: 3' 1 Grids: 'Dirbulence Decay, Mff Scaling, U,,,, = 12 m/s 
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5.10.2 18" x 18" Minnel 
Due to the relatively large dependence of U with x (fig. 5.7), the turbulence decay 
results reported in this section are presented normalised on both U and U,.,. 
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Figure 5.32: 18' 1 Grids: Turbulence Decay, U,,, = 10 m/s 
It was shown in section 5.9 that for I grids: 
u 
1)2 
= CAPf12 
(x, 
N, 
L,,, a., Lmax tmax, (5.17) _U tmax TI tmin I tmin 
For the 18" 1 grids the quantities N, CAp, M, . ff, 
Lmax and T are unchanged, yet there 
are significant differences in u'/U. This suggests that for these grids the turbulence 
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I 
is being affected by the paxameters ' and/or tmax tmin 
It is found that for all grids, the turbulence intensities (normalised on both U 
and U,,,, ) collapse as a function of x/tma., (figs. 5.34 & 5.35), therefore it can be 
concluded that the parameter -t is not influencing the turbulence. tmin 
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Figure 5.33: 18' 1 Grids: Turbulence Decay, U,,,, = 10 m/s 
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5.10.3 Universal Turbulence Intensity Collapse 
Using what had been learnt from turbulence intensity decay results of the 3' and 
18" 1 grids separately, attempts were made to find a universal collapse that worked 
for both sets of grids. 
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Figure 5.36: 3' & 18" 1 Grids: Turbulence Decay, Universal Collapse 
It was found that a universal collapse is given by an expression of the form: 
TX 
JýIU = 
OcApt, 
Lmax 
fuj 
( 
Meff 
(5.18) 
This equation is the culmination of dimensional analysis and experimental measure- 
ments of ten different grids. This equation shows that the turbulent decay (like 
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classical and Cross grids) scales on Mff, and that as was found for the Cross grids, 
the parameter t, plays a large part in governing the levels of turbulence intensity 
produced by the grids. The parameter T also controls turbulence intensity levels, L,,,, 
but due to geometrical constraints for I grids this parameter is never able to be 
varied much. It can be concluded that to produce high turbulence intensities an I 
grid should be designed to have a high CAp (normally achieved by having a high 
blockage) and a high t,. 
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5.11 The Decay of A and Turbulence Intensity 
The decay of u' and A are linked (as was shown in section 4.11) such that for 
flows that are isotropic at small and large scales and that have no production, a 
consequence of a power law turbulence decay is that the Taylor microscale grows as: 
, 
\2 = 
lov x- XO (5.19) Wf- 
1 uo 0 
5.11.1 3' x 3' 1 Grids Results 
The downstream development of A and A* is shown in fig. 5.37. 
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Figure 5.37: 3' 1 Grids: A Decay, U,,. = 12 m/s 
As was done in section 4.11, xO was systematically varied and the resulting best 
fit powers to the decay of A, A* and u" were recorded and are shown in fig. 5.38. 
For all the 3' 1 grids, A* - (x - xo)'-' was found for 0m< xO < 0.4 m, such 
values result in the decay exponent of u' being between 0.8 - 1.7 (depending on grid). 
These results are typical of the decay exponents found downstream of classical grids 
and are consistent with power-law turbulence decay. 
It is noted that the decay of A is different to that of A* (fig. 5.37), hence it is not 
surprising that the best fit decay exponents of A and A* for different xO values differ 
(fig. 5.38). 
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Figure 5.38: 3' 1 Grids: U,,. = 12 m/s 
For the six iteration I grids, A- (x - xo)o-' was only found for -2.8 rn < xO <- 
2.0 m, such values result in the decay exponent of u' being between 3-4.5 (depend- 
ing on grid). Such large values of n have been shown to be theoretically impossible 
(George 1992), suggesting that the xO values must be wrong, the consequence of this 
is that the A decay exponent cannot be 0.5. Further proof of this result is given 
by the experimental results that u' -U CO"\ ,U 00-0.2 and U-U,, O 
(see fig. 5.27) 
which contradict eqn. 5.19, hence either the assumptions behind eqn. 5.19 regarding 
production and isotropy are not valid and/or ul is not decaying as a power law. 
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For the five iteration grid the matter is slightly different. To achieve A- (x - 
XO)0.5' xO = -1.0 m is required, which results in a 
(U/UI)2 decay exponent of 2.0. 
This decay exponent is theoretically possible, but it is unusual to find such a large 
decay exponent in a modest Reynolds number flow. 
The results of A decay suggest that the turbulence is not following a power-law 
decay, however the results of A* decay are not inconsistent with power-law turbulence 
decay. This does not necessarily mean that A* is a better estimate of the Taylor 
microscale than A as it is not known whether the turbulence follows a power-law 
decay. It can only be concluded that there is evidence that for these I grids, the 
results are not inconsistent with power-law turbulence decay. It will be shown later 
in section 4.13 that these grids generally obey the principle of permanence of large 
eddies, a characteristic that requires power-law turbulence decay (Frisch 1995). This 
result provides further support for the conclusion that the decay of A and U/2 is not 
in disagreement with power-law turbulence decay. The possibility of non-power law 
decay is considered in more detail in section 5.11.3. 
If it is simply assumed that the turbulence decays as a power law and that xO 
coincides with the grid location then the resulting decay exponents are found to lie 
within values typically found for classical grids. 
Df 1.68 1.79 1.87 1.98 2.00 
n.,, 1.43 1.30 1.40 1.46 1.06 
n,, 1.22 1.30 1.40 . 1. 
nw 1 1.20 1 1.12 1.16 1.14 1.04 
Table 5.5: 3' 1 Grids: Turbulence Decay Exponents, xO = 0.0 m 
As discussed in section 4.11 the analysis of establishing the decay exponents 
of A and U12 is sensitive to the range of downstream distances in which an analysis 
takes place. Unlike previous Classical gid work where power-law decay has been well 
established, the measurements of the I grids tested here were all carried out relatively 
close to the grids. It is not unlikely that if measurements had been taken over a 
range of locations that were further downstream that more concrete conclusions 
regarding the nature of the turbulence development could have been reached. 
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5.11.2 18" x 18" 1 Grids Results 
The downstream development of A and A* is shown in fig. 5.39. As was done in 
the previous section for the 3' 1 grids, the best fit power of A, A* and ul decay was 
found for various values of xO and the results plotted (fig. 5.40). 
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Figure 5.39: 18" 1 Grids: Decay Properties, U... = 10 m/s. 
Fig. 5.41 (a) shows the decay of A for the t, 17 grid with two different values 
of xO. When xO = 0.0 m, an exponent of 0.34 gives a good fit to the data at 
all downstream locations, an exponent of 0.5 is found when xO = -1.0 m. The 
consequences of differing xO on the u' decay exponent can be seen in fig. 5.41(b) 
where two xO values are substituted into eqn. 4.32. 
For the 18" grids, the value of xO which gave aA exponent of 0.5 was -1.5 m< 
xO < -1.0 m, which results in the U/2 decay exponent being between 1.8-4.0. The 
value of xO which gave a A* exponent of 0.5 was 0.1 m< xO <1.0 m, which results 
in the U/2 decay exponent being between 0.8-1.2. These results are typical of the 
decay exponents found downstream of classical grids and are broadly consistent with 
power-law turbulence decay. 
The results of A* decay are not inconsistent with power-law turbulence decay, 
this does not necessarily mean that A* is a better estimate of the Taylor microscale 
than A as it is not known whether the turbulence follows a power-law decay. It 
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Figure 5.40: 18" 1 Grids: U,,. = 10 m/s 
can only be concluded that there is evidence that for these I grids, the results axe 
not inconsistent with power-law turbulence decay. Again, it will be shown later in 
section 4.13 that these grids generally obey the principle of permanence of large 
eddies, providing further support for the conclusion that the decay of \ and u 12 is 
not in disagreement with power-law turbulence decay. The possibility of non-power 
law turbulence decay is considered in more detail in section 5.11.3. 
As was found for the 3' 1 grids, if a power law turbulence decay is simply assumed, 
the resulting decay exponents are similar to those of other turbulence grids (see 
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t, 2.5 5.0 8.5 13.0 17.0 
n. 1.06 1.71 1.48 1.21 1.27 
1.21 1.60 1.50 1.40 1.46 
1.10 1.40 1.40 1.42 1.441 
Table 5.6: 18" 1 Grids: Average Turbulence Decay (U normalised) Expo- 
nents 
2.5 5.0 8.5 13.0 17.0 
1.00 1.54 1.40 0.96 0.82 
1.08 1.44 1.43 1.19 1.06 
0.99 1.26 1.32 1.20 1.041 
Table 5.7: 18" 1 Grids: Average Turbulence Decay (U,,,, normalised) Expo- 
nents 
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5.11.3 Power-Law A Decay 
The possibility that the turbulence down-stream of the I grids is not following a 
power-law decay has been suggested by the results of subsections 5.11.1 & 5.11.2. 
This subsection looks into this possibility by analysing the consequences of the 
Taylor micro-scale decaying with an exponent that is not equal to 0.5, as is conven- 
tionally found (see eqn. 5.19). 
It is assumed that A undergoes a power law decay of the form: 
A2 =; 
2 
(X 
- XO)'9 Aref 
Lref (5.20) 
(where s>0.0). If large scale isotropy and zero production are assumed, eqn. 3.13 
can be simplified to: 
3 dU12 
u 
dx 
(5.21) 
Assuming that E* = -ye, and by using eqns. 3.18 & 3.23 the following equation 
can be written: 
3 du'2 15v x- XO r2 
-- Ull 3je-2 u (5.22) 2 dx 
Rearranging and integrating: 
-2 Ulo f 
U12 dU12 15v Lf' 
x (x - xo)-dx 
ref 
JUP 
2 20'. f 
1X0 
3 U12 15v Lref' 
U<>, f In U, 2 X, -2 
(X 
- x0)l-8 
0f -s) 
In 
U12 ylOvLref x- x0) (5.23) 
(U 
t2 Aref 2(1 _ S)Uoo f 
Lref 
0)= 
where s<1 is required. 
Finally u' decay is given by: 
or 
r2 12 -ylOvLref u= uo exp 2(l 
_ S)Uoo 
"C - 10) (5.24) 
1 
Aref f( Lref 
U12 12 
ylOvL,, f " 1-8 
= Uo exp 2(l - 
(x 
- xo) (5.25) f Aref 
00 
1 
Hence it is shown that (for the given assumptions) if A2 follows a power law 
decay with a exponent =ý 1.0, then exponential decay of turbulence intensity must 
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be occurring. L,, f'lAref 2 can be found from eqn. 5.20 but its value depends on xO, 
as does the value of s. Both uO 2 and xO are unknown, but if a value of xO is assumed, 
attempts can be made to fit this equation to experimental results. 
It is important to note that the above analysis is only valid if the ratio E/e* does 
not depend on x. If e/c* does have an x dependence, then the above analysis is 
invalid and no conclusions can be drawn regarding A and u' decay behaviour. It can 
be seen from figs. 5.25 & 5.26 that for the I grids in both tunnels C/C* does indeed 
depend on x, therefore this analysis is not appropriate for these grids and it can be 
concluded that the turbulence produced by the I grids is not decaying exponentially. 
It will however be seen later in chapter 6 that this analysis is applicable to the Square 
grids. 
5.11.4 Alternative Method to Determine Decay Exponent 
Attempts were made to determine the decay exponent n by following the method 
outline by Wang & George 2002. 
c 
-4 ..... ...... ..... ...... ...... ...... ... ... .... . ..... . .... ..... ....... . ........... 
(m) 
Figure 5.42: 1 t, 8.5 Grid: Alternative n Determination. 
As had been found for the Cross grids, when the resulting decay exponents were 
plotted at varying downstream distances a very large amount of scatter was present 
in the results. The amount of scatter made it impossible to determine a definitive 
decay exponent using this technique. 
175 
5.12 Integral Length Scalings 
As discussed in section 5.9, dimensional analysis and results show that: 
x Lmax Lmax tmax 
L == T 
f13 -, N, (5.26) 
( 
tmax TI tmin I tmin 
) 
5.12.1 3' x 3' Tunnel 
All possible combinations of the parameters in eqn. 5.26 were used to try to collapse 
the integral lengths decay, the best collapse was found when both L and x were scaled 
on either t,,,, x or Mff. As previously discussed, for the six iteration I grids, tmax and 
M, ff are (coincidently) proportional, from these grids alone, it was not possible to 
conclude whether the integral lengths scaled with tmax or with Mff. However, the 
results from the 18" 1 grids (see section 5.12.2) confirmed that the integral lengths 
scale with tmax: 
L 
f13 X (5.27) 
tmax 
( 
tmax 
) 
Although this scaling does not result in the five and six iteration grids collapsing 
for L,,,, it does result in excellent collapse for L, and L", for all grids. Whilst 
eqn. 5.27 provides good collapse, dimensional analysis suggests that the parameters 
N, -L, -LLQz and Im" may also be influencing the integral length behaviour. These T trnin tmin 
parameters vary from grid to grid, this may explain why the collapse of eqn. 5.27 is 
not perfect. 
With possible scaling having been found for the integral length development, 
attention is now turned to the manner of this development. It is often assumed that 
the integral length downstream of a Classical grid follows a decay law of the form: 
Li 
_, 
x-xo) mi (5.28) 
length 
(length 
Table 5.8 summarises the power laws that are found if it is assumed that this form 
of decay law is true for the I grids and that xo is zero (as is typically found for 
Classical grids). It was not possible to determine the decay powers for some cases 
where the integral lengths decreased with increasing x. The powers that were found 
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Figure 5.43: 3' 1 Grids: Integral Length Decay, Scaling, U", = 12 m/s 
are in broad agreement with those found for Classical grids, where typically 0.30 
m, < 0.53 (Comte-Bellot & Corrsin 1966). 
Df 1.68 1.79 1.87 1.98 2.00 
M, - - - - 0.30 
M, 0.37 0.35 0.44 0.39 0.47 
mw 1 0.40 1 0.37 1 0.31 0.25 0.30 
Table 5.8: 3' 1 Grids: Integral Length Decay Exponents 
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5.12.2 18" x 18" Tunnel 
For the 18" 1 grids N, T and L ..... were not varied, therefore specifically for these 
grids, from eqn. 5.26 it can be expected that: 
L= 
f132 X 
tmax Lmax 
(5.29) imax 
(Tmax 
I tmin 7 tmin 
) 
Unlike the 3' 1 grids, for the 18" 1 grids Mff is the same for all grids, therefore it 
can easily be concluded that the integral lengths, which are different for different 
grids (see fig. 5.14) do not scale with Mff (this could not be concluded from the 
measurements of the 3' 1 grids alone). 
Generally all the integral lengths increase as tmax increases (fig. 5.14). The best 
was collapse was found when both the integral lengths and x were scaled using 
L 
(5.30) 
tmax , 
f133 
( 
tm"7ax 
) 
The dimensional analysis suggested that the integral lengths would also be a function 
of =" and -L. These parameters varied significantly between the different grids, tmin tmin 
despite this a good integral length collapse is found when scaling is carried out on 
X/tmax alone. It can be concluded either that the integral lengths axe not dependent 
on -=x- or ; LLý, - or that there is a dependence on each if these parameters but that tmin tmin 1 
coincidently for these grids the separate dependencies cancel each other out. 
t, 2.5 5.0 8.5 13.0 17.0 
mu - - 0.26 0.31 0.34 
m, 0.45 0.27 0.27 0.20 0.20 
0.36 0.30 0.34 0.27 0.25 
Table 5.9: 18" 1 Grids: Average L Decay Exponents 
Power-law fits have been made to the integral length decay and the decay powers 
for when xO = 0.0 rn are surnmarised in table 5.9. It was not possible to determine 
the decay powers for some cases. As was found for the 3' 1 grids, the powers found 
from this are in broad agreement with those found for Classical grids. 
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Figure 5.44: 18" 1 Grids, Integral Length Decay, U,,. = 10 m/s 
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5.13 Permanence of Large Eddies 
5.13.1 3' x 3' Tunnel 
If the permanence of large eddies theory holds true for these grids, then the quantities 
plotted on the below graphs should not vary with x (see section 4.13). 
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Figure 5.45: 3' 1 Grids: u' Decay Properties, U,,. = 12 m/s 
With the possible exception of the quantities involving L,,,, the plots show an 
x invariance, suggesting that these grids obey the principal of permanence of large 
eddies, and as such, the conclusion of section 5.11.1 that the turbulence decay of 
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Figure 5.46: 3' 1 Grids: V Decay Properties, U,,. = 12 m/s 
these grids does not disagree with power-law decay is strengthened. 
It is not surprising that the plots involving L,, do not display invariant regions 
close to the grids, as a condition for the permanence of large eddies theory is that the 
integral length obeys a power-law development (see section 4.13). L.,, clearly does 
not obey a power-law development (see fig. 5.13) close to the grids, therefore the 
permanence of large eddies theory would not be expected to hold at these locations. 
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Figure 5.47: 3' 1 Grids: V Decay Properties, U,,. = 12 m/s 
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5.13.2 18" x 18" Minnel 
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Figure 5.48: 18" 1 Grids: u' Decay Properties, U,,. = 10 m/s 
As was found for the 3' 1 grids, the plots show x invariance, apart from for the 
t, 2.5 &5 grids when the scaling involves L.,,. Again, this is not surprising because 
immediately downstream of these grids, L. does not obey a power-law development 
(see fig. 5.14). The other grids (and the t, 2.5 &5 grids far downstream) obey 
the permanence of large eddies theory, thus strengthening the conclusion of section 
5.11.1 that the turbulence decay of these grids does not disagree with power-law 
decay. 
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Figure 5.49: 18" 1 Grids: v' Decay Properties, U... = 10 m/s 
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Figure 5.50: 18" 1 Grids: w' Decay Properties, U,,,, = 10 m/s 
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5.14 Conclusions 
The I grid is a completely unique design turbulence generator whose geometry can 
be completely defined by 5 parameters. 
QNp measurements reveal that increasing grid Df results in greater C, &p homo- 
geneity. They also show that for a given o, and Df, CAP does not vary greatly with 
t,. For a given grid a, the values of CAP produced by the I grids are similar to 
those found for Cross grids, and are roughly double the values produced by round 
bar classical grids (see fig. 4.2). 
Hot-wire traverses confirm the CAP results that lateral homogeneity improves as 
grid Df increases, and when Df is fixed homogeneity improves as OL & 3t decrease. 
Fax downstream, production occurs for some of the grids, the lower the grid Df 
the greater the production. When Df is fixed, the lower the grid 3L & 'Ot the greater 
the production. For the 3' and 18" 1 grids, production was generally less than 10 % 
and 20 % of dissipation respectively. 
In general all the I grids produce large-scale anisotropic turbulence. All 3' 1 grids 
have roughly the same levels of anisotropy, despite having very different geometries, 
typical values being: u'/v' -- 1.5, u'/w' -- 1.2 and v'/w' ý-- 0.85. For the 18" 1 
grids the isotropy is directly a function of grid t, with v'/w' isotropy improving and 
u'/w' isotropy worsening as grid t, increases. For these grids isotropy levels were 
typically: 1.3 < u/vl < 1.5,1.0 < u'/wl < 1.4 and 0.7 < v'/w' < 1.0 It seems that 
both Df and t, control isotropy and that coincidentally for the 3' grids, the different 
dependencies cancel each other out. Far downstream of all the I grids V< w' < u'. 
The results of adding an additional bar to the 18" grids, suggests that the isotropy 
is governed by a complicated function of all the different grids scales. 
Integral length measurements show that while some grids produce integral lengths 
which smoothly increase with x (a characteristic of homogeneous, isotropic, decay- 
ing turbulence), for some grids, the L,, behaves unusually, initially decreasing with 
x. No firm conclusions can be drawn as to what causes this behaviour, but it seems 
that high Df's and/or low, 3's may minimise the likelihood of its occurrence. The 
development of all the lateral integral lengths scales very well on grid 
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L (5.31) 
tmax , 
f133 
( 
tmi7ax 
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The Reynolds numbers produced by the I grids are very respectable. The lower 
the Df of the grid, the greater the Rx achieved, and when Df is fixed, the greater 
the t,, the greater the R, \. The 3' 1 grids produce Reynolds numbers roughly the 
same as that produced by a higher blockage classical grid, tested in a tunnel that 
is twice the size, operating at more than double the speed as the tunnel in which 
the 3' 1 grids were tested (Schedvina, Stegen, & Gibson 1974). The best performing 
18" 1 grid achieves roughly 80 % of the Reynolds number attained by an active grid 
under similar tunnel conditions (Mydlarski & Warhaft 1996). 
Disagreement between two measures of dissipation suggests that the I grids pro- 
duce turbulence which is anisotropic at the small scales. The dissipation estimates 
show that for the I grids e/E* has an x dependence, which results in it not being 
possible to make firm conclusions regarding the nature of the turbulence decay, it 
can only be concluded that the results are not inconsistent with power-law decay. 
However it is noted that if power-law decay is simply assumed then the resulting 
decay exponents are typical of the values found by previous classical grid research, 
in addition the turbulence decay is in agreement with the principle of permanence of 
large eddies, suggesting that the turbulence probably is obeying a power-law decay. 
A general turbulence intensity scaling equation has been found, which holds true 
for all the I grids tested in this work. The downstream turbulence decay scales on 
the effective mesh length of the grid and the magnitude of the turbulence intensity 
is controlled equally by CAp and t,. 
T 
U, /u = 
VC--Apt, fil 
( 
MTf f 
(5.32) 
The dimensional analysis carried out on the experiment provides important con- 
clusions regarding the potential experimental parameters that may be affecting key 
turbulent quantities. These results (combined with the experimental results) pro- 
vide valuable information for any future work, regarding which parameters control 
which turbulence characteristics and which parameters are poorly understood. 
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Chapter 6 
Fractal Square Grids: Mean 
Profiles, Isotropy and 
Homogeneity Levels and 
Stream-wise Dependencies 
6.1 Introduction 
This chapter provides an overview of the turbulence produced by two different sets 
of Square grids tested in two different wind tunnels. The two sets were designed at 
the same time, -two different sized tunnels were used to investigate any effects the 
tunnel size had on turbulence scalings. 
This chapter provides an overview of the main results of the testing of the Square 
grids. Firstly the geometries of the grids are described, as are the reasons behind 
why the geometries were chosen. Static pressure drop measurements are reported, 
these simple measurements are a fundamental measure of how much power is be- 
ing introduced into the flow. Results of longitudinal homogeneity traverses of the 
mean flow down-stream of the grids are described, the presence in some cases of a 
stream-wise velocity gradient implies that turbulence production is occurring. Mea- 
surements of production are made and compared to measurements of dissipation. 
Isotropy and lateral homogeneity levels of the different grids are discussed and the 
stream-wise growth of integral lengths is analysed to give a meaningful reference 
length to the size of any homogeneity regions. The Reynolds number of the flow is 
reported as this is one of the most important parameters used to characterise turbu- 
lence. Dimensional analysis is carried out on the experiment to find likely candidates 
for which grid geometric parameters are governing which turbulence quantities. The 
decay of the turbulence intensities is analysed and attempts are made to find uni- 
versal scaling lengths. Dissipation is measured two separate ways and the level of 
agreement between the two different measurement are analysed, any differences have 
consequences regarding the nature of turbulence intensity and Taylor microscale (A) 
downstream development. The decay of A is presented and attempts are made to find 
universal scaling lengths for the longitudinal and lateral integral lengths. Checks 
are caxried out to see if the grids follow the principle of permanence of large eddies. 
Finally the main conclusions are summarised. 
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6.2 Design Summary 
The Square grids are 2-D structures of relatively complicated geometry, they were 
all manufactured by Amalgamated Research from a5 mm deep acrylic. 
6.2.1 1811 x 18" Tunnel 
All the Square grids tested in the 18" x 18" wind tunnel had the same blockage of 
25 %, N=4, Df = 2.0 and Mff 26.5 mm. The parameters 3L, 6t, and 
t,,, i,, were varied. The grids were designed to have the same blockage to ensure that 
any differences produced by the different grids could not be attributable to differing 
blockages. 
All the grids were designed to have a large Df as the results from the I grids 
showed that this resulted in good homogeneity. To satisfy Df = 2.0, RL was set to 
0.5 (see eqn. 2.60) for all grids, resulting in each iteration length for each grid being 
almost identical. The criteria that the grid fills the tunnel (eqn. 2.21) determined 
a relationship between RL and LO, therefore with RL selected, LO (and hence all 
lengths) were determined. The constraint of fixed RL and N resulted in Mff being 
virtually constant for all grids. 
With all the lengths determined, blockage is a function of all the thicknesses in 
the grid. The different grids were designed with different combinations of t"'j" and 
Rt which achieved the desired blockage of 25 %. When the geometry was completely 
defined, the parameters 3t and 3L were calculated (see eqns. 2.10 and 2.11). For 
these grids where RL and a were fixed, an increase in t, resulted in a decrease in 3L 
and Pt (see eqns. 2.12,2.13 and 2.16). 
The grids all had 4 iterations because, for this blockage, in this sized tunnel a 
larger number of iterations would have severely limited the range of geometries that 
could be investigated due to the manufacturing requirement that t .. j" ý: 1 mm. 
The geometries of the grids are summarised in tables 6.1 and 6.2 and scaled 
diagrams are shown in fig. 6.1. Due to the grids order 4 rotational symmetry it was 
not necessary to take measurements in both the y and z planes. 
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2.5 (b) t, = 5.0 
8.5 (d) t,. = 13.0 
17.0 
Figure 6.1: 18" Square Grids: Scaled Diagrams. 
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N Df et A u (%) Mff (MM) t, L, 
4 2.00 1.32 0.58 25±2.0 26.6 2.5 8.0 
4 2.00 
1 
0.32 0.25 25±2.0 26.5 5.0 8.0 
4 2.00 -0.03 -0.03 25±2.0 26.4 8.5 8.0 
4 2.00 -0.16 -0.20 25±2.0 26.3 13.0 8.0 
4 2.00 -0.24 -0.33 25±2.0 26.2 17.0 8.0 
Table 6.1: 18" Square Grids: Geometry Overview 
Grid t, 2.5 t, - 5.0 t, 8.5 t, 13.0 t, 17.0 
Lo (mm) 236.9 237.2 237.5 237.7 237.8 
L, (MM) 118.5 118.6 118.8 118.9 118.9 
L2 (MM) 59.2 59.3 59.4 59.4 59.5 
L3 (mm) 29.6 29.7 29.7 29.7 29.7 
to (MM) 7.0 10.7 14.2 17.2 19.2 
ti (MM) 5.2 6.3 6.9 7.3 7.5 
t2 (MM) 3.8 3.7 3.4 3.1 2.9 
t3 (MM) 2.8 2.1 1.7 1.3 1.1 
Table 6.2: 18" Square Grids: Detailed Geometry 
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6.2.2 3' x 31 Tunnel 
The two Square grids that were tested in the 3' x 3' tunnel, both had the same 
blockage of 25 %, N=5, Df = 2.0 and Mff = 27 mm. The parameters 3L, 3t, 
tmax and tmi,, were varied. 
As was done for the 18" Square grids, Df was set to 2.0 as this was expected to 
result in good homogeneity. RL was set to be 0.5 for the t, 17 grid and 0.485 for 
the t, 28 grid. The Mff of the two grids is very similar due to them having the 
same number of iterations and very similar RL values. The slightly lower RL value 
of the t, 28 grid enabled the grid to have a significantly different (and negative) 3t 
value (see eqn. 2.11). A low Ot value was desired as results from testing of the I 
grids suggested that this may have resulted in high R, \ flows. 
The criteria that the grid fills the tunnel (eqn. 2.21) determined a relationship 
between RL and LO, therefore with RL selected, LO (and hence all lengths) were 
determined. With all the lengths determined, blockage was determined solely by the 
thicknesses in the grid. The different grids were designed with different combinations 
of t .. j,, and Rt which achieved the desired blockage of 25 %. When the geometry 
was completely defined, the parameters 3t and 3L were calculated (see eqns. 2.10 
and 2.11). For these grids an increase in t, resulted in a decrease in 6L and 3t. 
The geometries of the grids are summarised in tables 6.3 and 6.4 and scaled 
diagrams are shown in fig. 6.2. 
N Df 1 ßt A uM Mff (mm) tr Lr 
5 2.00 0.00 0.00 25±2.0 26.6 17.0 16.0 
5 2.00 -0.18 -0.21 25±1.7 28.6 28.0 18.1 
Table 6.3: 3' Square Grids: Geometry Overview 
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Grid t, 17 t, 28 
Lo (mm) 471.2 483.3 
L, (mm) 235.6 234.4 
L2 (mm) 117.8 113.7 
L3 (min) , 58.9 55.1 
L4 (MM) 29.5 26.7 
to (MM) 23.8 30.8 
tl (mm) 11.7 13.4 
t2 (MM) 5.8 5.8 
t3 (MM) 2.8 2.5 
t4 (MM) 1.4 1.1 
Table 6.4: 3' Square Grids: Detailed Geometry 
17 28 
Figure 6.2: 3' Square Grids: Scaled Diagrams. 
194 
6.3 Static Pressure Drop 
6.3.1 18" x 18" Tunnel 
The pressure drop measured across all the 18" grids (fig. 6.3) was almost constant 
with only a6% variation between the minimum and maximum values. It can be 
concluded (as was found for the 18" 1 grids) that CAp is weakly dependent on grid 
t, increasing slightly with increasing grid t, 
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Figure 6.3: 18" Square Grids: Variation of CAp with t,. 
6.3.2 3' x 3' Tunnel 
The pressure drop across the two 3' grids was very similar, with only a6% difference 
between them. Although this difference is small, it appears (as was found for the 
18' 1 and Square grids) that C, &p is an increasing function of t,. 
t, 17 ' 28 
CAp 0.67 0.71' 
Table 6.5: 3' Square Grids: CAp Summaxy 
The CAp of the 18" and 3' Square grids is very similar, suggesting that the 
number of iterations does not significantly affect Q&p. 
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6.4 Homogeneity 
6.4.1 Stream-wise Mean Velocity Profiles 
In both wind tunnels, with U,,. fixed, the mean velocity was measured along the 
wind-tunnel centre-line, in 0.25 m increments along the working section length. 
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Figure 6.4: 18" Square Grids: U,,,, = 10 m/s 
4 
Fig. 6.4(a) shows that close to the grid, U is between 22 % and 31 % greater 
than the upstream flow, the larger the grid t, the laxger the velocity. Moving 
downstream, U decreases at different rates depending on the grid, the larger the 
grid t, the greater the U deceleration. At around 1.2 m downstream the velocity 
is roughly the same for all grids. By 3.5 m downstream U is axound 2-15 % higher 
than the flow upstream of the grid, the larger the grid t, the lower the velocity. 
Overall, the stream-wise homogeneity improves with decreasing grid t, however, 
the greater the homogeneity, the greater the excess velocity far downstream. The 
wind tunnel is reasonably air-tight, hence it can be concluded that any mean ve- 
locity excess must be the result of transverse inhomogeneity. Although stream-wise 
homogeneity decreases with increasing grid t, the velocity excess suggests that for 
locations beyond 1.2 m, lateral homogeneity increases with increasing grid t,. 
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The presence of a mean velocity gradient suggests that turbulence production 
is occurring (eqn. 3.16). Dissipation and production are calculated (using eqns. 
3.13 and 3.16) at all downstream locations and the ratio of their values plotted in 
fig. 6.4(b) where it can be seen that production is as much as 20 % of dissipation, but 
is more typically less than 5 %. As downstream distance increases the production 
tends steadily to zero. 
In conclusion, for all grids, production can be very large, but downstream of a 
location which (excluding the t, 2.5 grid) is a function of grid t, production is close 
to zero. 
6.4.1.2 3' x 3' Tunnel 
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Figure 6.5: 3' Square Grids: U,,. = 12 m/s 
Fig. 6.5(a) shows that initially the velocity profiles axe virtually identical for both 
grids. There is almost a 20 % velocity surplus near the grids, this then decreases 
with increasing x, and downstream of about 2.0 m, U starts decelerating at different 
rates for different grids. The deceleration rate is greatest for the highest t, grid, 
and by 4.25 m downstream U is around 5-10% higher than the flow upstream of the 
grid, the lowest t, grid having the highest velocity. 
Overall, the lowest t, grid has the highest levels of stream-wise homogeneity, 
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however, at locations beyond 2.0 m this grid has the greatest excess velocity sug- 
gesting that in this region it has the worst transverse homogeneity . 
The mean velocity gradients seen in fig. 6.5(a) suggest that turbulence production 
is occurring (eqn. 3.16). Dissipation and production are calculated (using eqns. 
3.13 and 3.16) at all downstream locations and the ratio of their values plotted in 
fig. 6.5(b). Such a small decay region was measured that it is difficult to make 
any conclusions about production behaviour, but it appears that as was found for 
the 18" Square grids, production smoothly tends to zero as downstream distance 
increases. 
6.4.2 Lateral Measurements 
With U,,. fixed, homogeneity profiles were taken on the y axis, far downstream 
from the grid as it was acknowledged that an absence of homogeneity at a given 
downstream location would also rule out homogeneity at any location closer to the 
grid. 
6.4.2.1 18" x 18" Tunnel 
With U.. fixed at 10 m/s homogeneity profiles were measured at a downstream 
distance of 3.25 m, in 0.025 m increments. 
The mean velocity profiles show that for all grids the velocity matches U,,,, at 
locations y/T =±0.25 and that at the tunnel centre the velocity is at a maximum. 
The value of the maximum velocity reduces as t, increases, decreasing from 18 % to 
3% of U... as t, varies from 2.5 to 17, resulting in the mean velocity homogeneity 
improving as grid t, increases. 
With the exception of the t, 2.5 grid, u'/U shows a fairly broad region of ho- 
mogeneity in the tunnel centre but between about y/T =±0.1 and the tunnel 
walls, u'/U starts decreasing. The t, 2.5 grid also displays this behaviour but in 
addition shows a sudden drop in u'/U at the tunnel centre. The width of the central 
homogeneity region increases with increasing grid t,. 
The v' profile behaves similarly to u' and again homogeneity improves slightly 
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Figure 6.6: 18" Square Grids: Homogeneity 'I'raverses, x=3.25 m, U... 
10 M/S 
with increasing t, 
Overall it can be concluded that lateral homogeneity improves as grid t, in- 
creases. 
6.4.2.2 3' x 3' Tunnel 
For these grids U,,. was fixed at 12 m/s and homogeneity profiles were measured at 
a downstream distance of 4.25 m, in 0.04 m increments. 
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Figure 6.7: 3' Square Grids: Homogeneity Traverses, x=4.25 m, U. 
12 m/s 
For both grids the velocity is roughly 0.92 U,, at locations YIT 0.3 and is 
at a maximum at the tunnel centre, having a value of roughly 1.05 U,,,,. The value 
of the maximum velocity is lowest for the t, 28 grid resulting in this grid having 
slightly better homogeneity than the other. The homogeneity of the mean velocity 
improves slightly as grid t, increases. 
Despite the relatively inhomogeneous U profile, u'/U is fairly homogeneous, there 
being a fairly broad region of homogeneity in the tunnel centre, then between about 
y/T 0.15 and the tunnel walls, u'/U starts decreasing. The homogeneous 
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region of the t, 28 grid is broader than that of the other grid, suggesting that u'/U 
homogeneity improves with increasing grid t,. 
The v'profile behaves in a quantitatively similar way to Wand again homogeneity 
improves with increasing t,. 
As was found for the 18" grids, overall it can be concluded that lateral homo- 
geneity improves as grid t, increases. 
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6.5 Integral Length Scales 
The downstream development of the stream-wise and lateral integral lengths were 
measured along the tunnel centre-line, in 0.25 m increments. 
6.5.1 18" x 1811 Tunnel 
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Figure 6.8: 18" Square Grids: Integral Length Decay, U,,. = 10 m/s 
Up to 0.75 m downstream of all grids, L,, decreases with x, after this L. gradually 
increases and asymptotes to a value of around 48 mm. For grids t, 17,13 and 8.5, 
L. development is virtually identical and it reaches an asymptote at axound 1.5 m 
downstream. Qualitatively L,, of the t, 5.0 and 2.5 grids behaves the same as that 
of the other grids, but it takes longer for L,, of these grids to reach the asymptote, 
with the t, 2.5 grid taking the longest. 
Up to 0.75 m downstream, for all grids L, decreases with x. At this location, L,,, of 
the t, 17,13 and 8.5 grids has reached an asymptote of about 21 mm. The L, of the 
other two grids has at this location reached a minimum (of around 5 mm), moving 
further downstream L, gradually increases and asymptotes to a value of around 
19 mm, the t, 2.5 grid takes the longest to reach the asymptote. Far downstream, 
L,, = L,,, /2, implying that at large scales the flows axe roughly isotropic. 
It is striking that the grids have different geometries, but that both L. and L,, 
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asymptote to common values, suggesting that far downstream, the integral lengths 
are not affected by differences in grid geometry. Another notable point is that far 
downstream, both integral lengths do not vary with x, behaviour that is not charac- 
teristic of homogeneous decaying turbulence. This is the first sign that these grids 
axe producing turbulence that is decaying in an interesting and unusual manner. 
6.5.2 3' x 31 Tunnel 
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Figure 6.9: 3' Square Grids: Integral Length Decay, U,,,, = 12 m/s 
Initially L. of both grids decreases with increasing downstream distance, reaching 
a minimum value at about 1.0 m downstream. L,, then gradually increases with x 
and asymptotes to a value of around 75 mm for both grids. 
For both grids, L,, initially decreases with x until about 1.25 m downstream, at 
which point L, has asymptoted to a value of about 35 mm. Downstream of this 
location L,, is roughly invariant with x. Far downstream, for both grids L" is roughly 
half the value of L,,,, implying that there is large-scale isotropy. 
As was found for the 18" grids, for these grids both L,,, ad L, seem to asymptote 
to common values, which far from the grids are invariant with x. Again this suggests 
that integral lengths are not affected by any differences in the grids geometries and 
indiucates that these grids are producing turbulence that is decaying in an interesting 
and unusual manner. 
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6.6 Isotropy 
6.6.1 1811 x 18" Tunnel 
6.6.2 Stream-Wise Development 
The stream-wise development of measures of large scale isotropy (u'/v) on the 
tunnel centre-line have been analysed and plotted. 
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Figure 6.10: 18" Square Grids: Isotropy Decay, U,,. = 10m/s 
Fig. 6.10(a) shows that initially u'/v' increases with x, reaches a peak, then 
decreases as x increases. As grid t, increases, the peak value of u'/v' increases, and 
the location at which the peak occurs moves upstream. 
When the isotropy development is scaled on Xpeak (a scale defined later in section 
6.10) collapse is seen for all grids. The isotropy is worst at Xpeaks where u'/v' varies 
between 1.3 and 1.5 as grid t, varies from 17 to 2.5. Downstream from xPeakt UI /vt 
decreases, reaching 1.2 by about x=2.5 Xpectk- 
6.6.3 Homogeneity Traverses 
For all grids, u'/v' is a minimum at the tunnel centre and increases until reaching 
a maximum at certain ±y/T locations which are a function of grid t, the lower 
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Figure 6.11: 18" Square Grids: u'/v' Homogeneity T! raverses, x=3.25m 
the tr, the closer to the tunnel centre the maximum occurs. Between the maximum 
locations and the tunnel walls u'/v' decreases, although it seem that grids tr 13 
17 haven't reached their peaks within the measured region of fig. 6.11. As grid tr 
increases the value of u/v' becomes more isotropic and the width of the central 
u'/v' homogeneity region grows. 
6.6.4 Velocity Skewness 
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Figure 6.12: 18" Square Grids: Skewness Decay, U,,. = lOm/s 
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The skewness of the longitudinal velocity S(U) = U3/U2 ' has been plotted as a 
function of downstream location (fig. 6.12). 
Close to the grids the skewness is about zero, it then initially decreases with 
increasing x, all grids reaching a minimum value of around -1.5. The location at 
which this minimum occurs is a decreasing function of grid t,. Downstream of 
the minimum location the skewness smoothly increases and all grids tend to an 
asymptote of around 0.1. 
This analysis confirms the behaviour seen in the u'/v' data, initially isotropy 
worsens with increasing x up until a location (which is a decreasing function of t, ) 
beyond which isotropy improves. 
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6.6.5 31 x 3' Tunnel 
6.6.6 Stream-Wise Development 
The stream-wise development of measures of large scale isotropy (u'/v') on the 
tunnel centre-line have been analysed and plotted. Until 1.0 m downstream, u'/v' 
reduces rapidly from about 1.6 to 1.15, then for 1.0 m<x<2.75 m, u'/v' increases 
to about 1.45 and 1.35 for the t, 17 and 28 grid respectively. Further downstream, 
u'/v' for both grids reduces with x. At all downstream locations, the highest t, grid 
is the most isotropic. 
I. 
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1 
1 
a, %... w 02 
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Figure 6.13: 3' Square Grids: Isotropy Decay, U,,. = 12m/s 
6.6.7 Homogeneity Traverses 
For the t, 17 grid there is a broad region of approximate homogeneity roughly 0.2 T 
wide around the tunnel centre. Either side of this region, u'/v' decreases as the 
tunnel walls are approached. The t, 28 grid displays similar behaviour but also 
shows a sudden drop in u'/U at the tunnel centre. 
Overall the homogeneity of u'/v' is greatest for the lowest t, grid, but at the 
tunnel centre the actual u'/v' value is most isotropic for the highest t, grid. 
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Figure 6.14: 3' Square Grids: u'/v' Homogeneity Traverses, x=4.25m 
6.6.8 Velocity Skewness 
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Figure 6.15: 3' Square Grids: Skewness Decay, U,,. = 12m/s 
Close to the grids the skewness is about zero, it then decreases with increasing 
x, both grids reaching a minimum value 1.5 m downstream. Further downstream 
the skewness of both grids smoothly increases and by the end of the working section 
appears to be asymptoting to a value of zero. 
These results confirm the behaviour seen in the u'/v' data, initially isotropy 
worsen with increasing x up until a certain location beyond which isotropy improves. 
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6.7 Reynolds Number 
As was done for the Cross and I grids, the Taylor microscale Reynolds number, R, \ 
was measured downstream of the Square grids. 
6.7.1 18" x 18" Minnel 
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Figure 6.16: 18" Square Grids: R, \ Decay, U,,. = 10 m/s 
Fig. 6.16 shows how R, \ develops behind the 18" Square grids. The behaviour 
is remarkable, unlike classical, Cross and I grids (where far downstream R, \ is more 
or less invaxiant with x), for these grids R, \ varies significantly with x. Initially R, \ 
increases until it peaks at a downstream location, which is a decreasing function of 
t, Beyond this point R, \ decreases, almost linearly with x. The truly notable point 
of this plot is the fact that all the grids collapse on the same curve once R'\ has 
started decreasing. 
As was concluded for the integral lengths, it seems that while the different geom- 
etry grids produce different turbulences close to the grids, beyond a certain point, 
the turbulences asymptote to a common behaviour. 
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6.7.2 31 x 3' Tunnel 
400- 
300- 
1.4 a: 
200- 
loo-- 
-X- t= 28 
01 01234 
x (m) 
Figure 6.17: 3' Square Grids: R, \ Decay, U,,. = 12m/s 
The R, \ results of the 3' grids behaves qualitatively the same as that of the 18" 
grids. Initially R, \ increases with x until it peaks at a downstream location, which 
is a decreasing function of t,. Beyond this point R, \ decreases smoothly with x. 
Unfortunately, for these grids the peak in R, \ occures close to the end of the tunnel 
working section so not much can be concluded about how R, \ behaves downstream 
of the peak. Despite this it appears that qualitatively the 3' grids behave in the 
same way as the 18" grids, the different number of iterations and the different sized 
tunnel have not qualitatively affected R, \ behaviour. 
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6.8 Dissipation Determination 
6.8.1 1811 x 18" Tunnel 
The ratio of e/c* has been plotted for the grids, with the results upstream Of Xpe,, k be- 
ing omitted because in this region turbulence intensity increases with x (see fig. 6.22), 
resulting in negative values of e* (see eqn. 3.13). 
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Figure 6.18: 18" Square Grids: Dissipation Ratio, U,,. = 10m/s 
Just downstream of xp,,, k, e/e* decreases and reaches an asymptote which for all 
grids has a values less than 1. Once the asymptote has been reached, the uncertainty 
in e/e* is roughly 10 %. The fact that c/f* =ý 1.0 implies that the flow suffers from 
a lack of small scale isotropy, but the fact that it does not vary with x, has very 
important consequences when it comes to determining the nature Of U12 and A decay, 
something which is discussed in detail in section 6.11.1. 
When estimating dissipation using eqn. 3.22, for all grids at all locations down- 
streamOf Xpeak v the measurements of e** were consistently 30 % smaller than that 
of C. 
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Figure 6.19: 3' Square Grids: Dissipation Ratio, U,,. = 12m/s 
Only a few points are shown on the c/e* plot, the results upstream Of -Tpf!,, k 
were omitted due to there being negative values of E*, a consequance of turbulence 
intensity increasing with x (see eqn. 3.13). 
Despite there only being a few points, it can be seen that the behaviour (for the 
t, 28 grid at least) of eft* is similar to what is seen for the 18" Square grids. Down- 
stream Of Xpeak? e/f* decreases and appears to be asymptoting to a constant value. 
Around the location at which the asymptote is being approached, the uncertainty 
is roughly 25 %. 
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6.9 Dimensional Analysis and Consequences for 
u', A and L 
As discussed in chapter 2.3.3, the minimum variables that are required to fully 
describe the geometry of Square grids are: 
(T, N, Lmaxi tmaxi tmin) 
Repeating the analysis of sections 4.9 & 5.9, it can be concluded that all characteris- 
ties of the turbulent flows produced by these grids axe functions of the dimensionless 
parameters: 
RT, CAp, x7N, 
Lmax Lmax tmax 
(6.2) Tm-ax TI tmin 7 tmin 
Assuming that U, u', L are independent of v for large R. \, the following can be 
written: 
x Lmax Lmax tmax 
U=U,, fl CAP, -9 N, (6.3) tmax T tmin tmin 
U' = U. fs2 CAP, 
x, N, 
Lmax Lmax tmax 
(6.4) 
im-ax T tmin tmin 
x Lmax Lmax tmax L=T fs3 CAP, -, N, (6.5) tmax TI tmin 7 tmin 
) 
No such dimensional independence on viscosity of A can be assumed because A is a 
small scale length. Hence: 
x L,,,,, x 
Lmax tmax 
gs 
(RT, 
CAp, 
tmax , N, TI tmin I tmin 
) 
(6.6) 
where xO is a 'virtual' origin that may or not correspond to the grid location. 
It is now assumed that U is independent of x far downstream from the grid (this 
is generally confirmed by the results, see figs. 6.4 & 6.5): 
U,, fl C, &p, N, 
Lma, Lmax tmax 
(6.7) 
T7 tmin 1 tmin 
) 
The U,,,, dependence of A, U, u' and L,,, were measured far downstream from the 
grids. For both the 3' and 18" Square grids, L-U,, ýO, 
\, U 
00-0.2, u' - U,,. and 
U-U. (figs. 6.21 & 6.20). The result that A, U 00-0.2 (figs. 6.21(a) & 6.20(a)) 
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Figure 6.20: 18" Square Grids: x=3.25m 
implies that A has a power law dependence on RTand CAp, enabling eqn. 6.6 to be 
made more specific: 
x L,,, ax 
Lmax tmax 
A ýýI-x - XO) RT" CApO gs -, N, (6.8) U" 
(tmax 
T7 tmin I tmin 
) 
For this equation to satisfy A-U 00-0.2 it is necessaxy that: a-2,3 0.3. The 
behaviour of A can now be described by: 
V(X - xO) A-0,15 x 
Lmax Lmax tmax 
RT' CAP(2 
g, -7 N, (6.9) U. 
(tmax 
T7 tmin 7 tmin 
where a is unknown. 
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Eqns. 6.3 & 6.4 imply that UIU,., and u'/U... are independent of U,,,,. CAp is 
also independent of U.., hence: 
x L,,,,, x 
Lmax tmax 
U=U,, -, N, (6.10) tmax T' tmin I tmin 
) 
Uoo fs2 x, N, 
L,,, ax Lmax tmax. 
tmax T tmi,, tmi,, 
where CAp depends on N, L,,, a-,, tmax i tmin, 
T 
CAP 
--` 
fs4 N, Lma-, Lmax tmax (6.12) 
T7 tmin I tmin 
) 
The dependence of u'/U on CAp can in principle be retrieved via their depen- 
dencies on N, T/tmin and tmax/tmin. The constraint (u//U)2 ,C AP remains. 
Finally, the results that L-U,,,, o (figs. 6.20(d) & 6.21(d)) implies: 
x Lm,, x 
Lmax tmax 
L=T fs3 -, N, (6.13) 
( 
tmax T7 tmin ' tmin 
) 
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Figure 6.21: 3' Square Grids: x=4.25m 
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6.10 Turbulence Decay Scaling 
6.10.1 18" x 18" Tunnel 
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Figure 6.22: 18" Square Grids: Turbulence Decay 
The behaviour of the turbulence intensity decay is remarkable, and is unlike 
anything produced in wind tunnel experiments to date. 
There are broadly two parts to the downstream evolution of u' and V. Initially, 
up until a certain downstream distance (defined here as 3ýpeak) u' and V increase with 
x. As grid t, increases, Xpeak reduces and the turbulence intensity occurring at this 
point increases. Downstream Of Xpeak the turbulence intensity smoothly decreases 
with x. The truly remarkable feature of fig. 6.22 is that downstream of each grids 
xPeaki ul and V of all grids follow a common decay profile. 
As was concluded from the integral length and R, \ behaviour, it seems that while 
the different geometry grids produce different turbulences close to the grids, beyond 
Xpeaki the turbulences of the different grids asymptote to a common behaviour. 
It is noted that T, CAp, Meff and all grid lengths are the same for all these grids. 
The geometrical differences between the grids are only present in the thicknesses 
of each grids iterations, these are the only parameters that can be causing any 
differences between the flows. Conversely, the common decay profile that occurs 
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when x> Xpeak suggests that in this region the turbulence is unaffected by any 
of the difference between the grids, therefore it must be being governed by one or 
more of the grids common geometric features; any grid length, C6'p, Mff or T. 
Attempts were made to find a universal scaling Of Xpeak by normalising the down- 
stream distance by various grid scales. It is found that the location at which the 
turbulence intensity peaks is a function of grid geometry such that: 
Xpeak c-- 75 
tminT (6.14) Lmin 
(see fig. 6.23). This is an interesting quantity, involving the aspect ratio of the 
smallest grid scales combined with the largest scale in the experiment, the tunnel 
size. This equation is confirmed by the results of the testing done in the 3' x 3' 
tunnel (see section 6.10.2). 
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Figure 6.24: 3' Square Grids: Turbulence Decay 
As was found in the 18" tunnel, the turbulence intensity initially increases up 
until XPeak, after which it decreases. The larger the grid t, the shorter the distance 
between the grid and Xpeak and the greater the maximum turbulence intensity en- 
countered. Unfortunately, for these grids Xpeak was quite close to the end of the test 
section, so not much of a decay region has been measured, but it does appear (as 
was seen for the 18" grids) that downstream Of Xpeak) the turbulence intensities of 
both grids share a common decay profile. 
These grids confirm the result found in the 18" tunnel that: 
Xpeak =j- 75 
tm%nT 
(6.15) 
Lmin 
(see fig. 6.25). 
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6.11 The Decay of A and Turbulence Intensity 
The decay of u' and A are linked (as was shown in section 4.11) such that for 
flows that are isotropic at small and large scales and that have no production, a 
consequence of a power law turbulence decay is that the Taylor microscale grows as: 
, 
\2 -= 
10V X- XO 
(6.16) 
nf, U... 
Results indicate that A does not decay in this manner. 
6.11.1 18" x 18" Tunnel 
The raw A decay data shown in fig. 6.26(a) reveals that A is similar for all grids. 
When the x axis is normalised on XPeak (fig. 6.26(b)) almost perfect collapse of A 
is found and for x> Xpeak, A is approximately independent of both grid t, and 
downstream distance x. 
To double check this unusual result, A* is also calculated (fig. 6.26(c)), but only 
for grids that have a reasonable x> Xpeak range, i. e. for grids t, = 8.5,13.0,17.0. 
Like A, in the region x> Xpeak, A* is approximately independent of both grid t, 
and x, and it can be seen that A and A* axe in close agreement (within 12 %). 
To determine whether the Taylor microscale can be considered invariant with x, 
or whether it follows a power law A' - (x - xo)s the procedure of sections 4.11 & 
5.11 are applied to the results of the t, 17 grid (because this grid has the longest 
measured XlXpeak range). For each xO the best fit values of s and s* in A' - (x - xo) 8 
and '\*2 , (x - xo)* are determined, as are the best fit values of n in the assumed 
power-law 0, (X _ Xo)-n. 
The results that are plotted in fig. 6.27 show that for A- (x - xo)O-l requires xO 
= -8.4 m, an incredibly large distance that is factors larger than any of the scales 
present in the experiment, including the length of the wind tunnel! This xO value 
implies that u" - (x - xo)-' with n=6.75, a much larger value than any existing 
theory or measurements would suggest. If xO is chosen to be zero, to be artificially in 
line with xO values obtained from turbulence generated by classical and active grids, 
then n is roughly 1.5, in broad agreement with previous theories and measurements. 
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Figure 6.26: 18" Squaxe Grids: Decay Properties, U... = 10m/s. 
But this x0 value would lead to aA decay exponent of 0.1, which is incompatible 
with a power-law turbulence decay. Fig. 6.28 shows the decay of A and u" for the 
t, 17 grid with the two different x0 values discussed above. 
It can be concluded that the results do not obey a A' - (x - xo) decay, both 
because of the above analysis and by noting that the experimental results that 
U1 UO,, \ , U. 0-0.2 C0 and U-U,,. (see fig. 6.20) contradict eqn. 6.16. Either the 
assumptions regarding production/isotropy are not valid and/or the power law decay 
Of U12 is not valid. The possibility of the latter is the motivation for the analysis of 
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section 6.11.4. 
Up to this point, it is concluded, as figs. 6.26(b) & 6.26(c) suggest, that the 
Taylor microscale, to a good first approximation, remains constant during decay. 
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6.11.2 Alternative Method to Determine Decay Exponent 
Attempts were made to determine the decay exponent n by following the method 
outline by Wang & George 2002. 
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Figure 6.29: Square t, 17 Grid: Alternative n Determination. 
As had been found for the Cross and I grids, when the resulting decay exponents 
were plotted at varying downstream distances a very large amount of scatter was 
present in the results. The amount of scatter made it impossible to determine a 
definitive decay exponent using this technique. 
224 
6.11.3 31 x 31 Tunnel 
10- 
8- 
6- 
4- 
.......... ... ... ... ..... , ......... 
t 17 1 
--X- tr = 28 
23 
x (M) 
Figure 6.30: 3' Square Grids: A Decay, U... = 12m/s 
The raw A decay data is shown in fig. 6.30, it can be seen that A grows gently 
until x= xPeak, downstream of which it is roughly the same (between 7 mm and 
8 mm) for the two grids and does not vary with x. 
The procedure of systematically varying xo and finding the resulting best fit 
powers to the decay of both A and u" was not done for these grids as the decay 
region downstream Of Xpeak was insufficiently long for accurate power fits to be made. 
225 
..... ..... .... .... .... .... 
6.11.4 Power-Law A Decay 
As previously shown in section 4.11 , if it is assumed that A undergoes a power law 
decay of the form: 
A2 A f2 
X-XO)s 
re 
( 
Lref (6.17) 
(where s>0.0) then it can be shown that (assuming large and small scale isotropy 
and zero production) turbulence intensity decays as: 
12 12 -ylOvLef' u= Uo exp 2(l - 
(X - xo) (6.18) Aref fl 
where -t = e*/e and has no x dependence. 
In the special situation where A does not vary with x, s=0 and eqn. 6.18 
simplifies to: 
r2 12 Ylov(x - xo) u= uO exp 
I 
A2U 
00 
fI 
(6.19) 
UU -0.2 The experimental observations that u' - 00 00 and U, U... imply a 
constraint on eqn. 6.18. f, is independent of CAp if U-U., and if U is independent 
of v the following can be written: 
12 = t2 
-ylOvLf' 
- xo) 
1-8 u, 
02 u uo exp 
[ 
Aref 2(1 _ S)U 00 fi 
(X 
1- 
(6.20) 
Which implies that: 
U,,,, - uo exp 
-y5vLref' 
_ (X - xo) 
1-3 u002 (6.21) [ 
Aref'(1 - S)U,, fl 
I 
This is possible if uO - U,,,, and L,, f "-U,,. O-'. 
Using the chain rule: 
d (Ui 2 ylOvLf 
x0) (X ju- 0 exp 
[ 
2(1 Aref S)u 00 
fl 
1) 
dU02 
exp 
-ylOvLf' (x - x0)l-s (6.22) dUý 
(1 
\ref2(1 - S)U fl 
1) 
if 
12 d yl0z,, L,, f' 1-8 uo ý-u (X- xo) 
00 
(exp [\ 
ref 
2 (1 
- S)uo, f, 
1) 1< 
dU02 
exp 
-ylOvLr, f' (x - xo) 
1-8 (6.23) 
dU,,,, 
([ 
Aref 2(l _ S)UM f, 
1) 
226 
This can be simplified to: 
Id [_ -tlOvLef' 
xo), -. 
d 2) ý -U. - Aref 2(l _ S)UOO fl 
(X 
-II< dU... 
ln(uO (6.24) 
In the case when A is independent of x, s=0 and the equation can be further 
simplified to: 
Id [_-yl0v(x-xo)]I< d (Ut 2) 
ý-U X2UOO In 0 (6.25) 
00 dU,, o 
Making use of eqn. 6.6: 
2= vL 2a (a-0.3) 2 N, 
L,,,., Lmax tmax, Aref RT CAP 9 (6.26) tmax TI tmin 7 tmin 
and plugging this into the LHS of eqn. 6.25 gives: 
-y1O (x - xo) d RT -2a Cap(O. 3-a)) 
I= I 
fl g2 L dU,,. 
( 
-t1O (x - xo) d pU,,,, T 
2a ( yp- ) (0.3-a)] I 
f g2 UZ 
[( 
AY pu,, 02 1L TU 
-Y10 (x - xO) 
2a (ýp)(0.3-c) d [U 
cx)-2a 
U (2a-0.6) 
g2 
(ET - 
00 LA)P dUoo 
11 
-y6 (x - xo) pU. T 
2a ( ýp ) (0-3-a) 
u00-1 
fl g2 L pu2 
-y6 (x-xo)RT-2c2C. 
p(0.3-0)U fl g2 L 
(6.27) 
making use of. - 
IxL,,, a-, 
Lmax tmax 
uo = U00 V-, N, (6.28) 
(imax 
TI tmin I tmin 
) 
it can be written that: 
-y6 (X - XO) R -2aC p(O. 3-a)U -1 
2 If, 
g2 LT 'a 00 
1< 
uo, 
(6.29) 
Using eqn. 6.26 finally gives: 
37v(x - xo) 
A2UOO ,I< 
(6.30) 
In the testing carried out on the 18" Squares grids, typically y=1.54 v=0.0000155 m2 /8' 
5.8 mm, U,,. = 10 m/s and x- xo = 1.0 m. In this case: 
3-yv(x - xo) 0.21 (6.31) 
, 
\2UOO 
I 
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Therefore the constraint on the exponential decay equations caused by the U,,. de- 
pendence of U, u! and A is allowed for in exponential decay equations, especially for 
large A and U,,,,, and small (x - xo). 
In conclusion, it has been shown that for A' - (x - xO), the required xO results 
,.,, U -0 
2 in an impossible exponent of u' decay. In addition, the results 1z - U,,., A 
and U-U., contradict A2 , _, (X _ XO). 
This motivated an analysis of possible A' - (x - xo)' behaviour, which (when 
s =A 1.0) results in exponential u' decay. It has been shown that such behaviour is not 
contradicted by the results that Ut ,U 00 "\ ,U 00 -0.2 and U-U,, o. It is therefore 
concluded that for these Square grids A is constant and u" decays exponentially 
with x. 
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6.11.5 Exponential Turbulence Decay 
Plotting the decay Of (U/UI)2 and (U/VI)2 on semi-log axes (fig. 6.31) confirms that 
turbulence intensity is decaying exponentially. This is the first time that the expo- 
nential turbulence decay predicted by Wang & George 2001 and Wang & George 
2000 has been experimentally observed in a Navier-Stokes flow. 
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Figure 6.31: 18" Square Grids: Exponential Turbulence Decay, U,,,, 
10 M/S 
Results show that the A decay exponent, s is small (fig. 6.27). For simplicity, if 
it is assumed that s is zero (ie A is constant), then eqn. 6.18 can be simplified to: 
12 12 'YlOV(X - Xpeak) 
u= uO exp, A2U 
1 
(6.32) 
2 Results show that A=5.8 mm, -y = 1.54 and for the t, 17 grid UO = 0.95. Using 
these values, eqn. 6.32 is plotted against the measured turbulence decay of the t, 17 
grid in fig. 6.32 and for x> Xpeak excellent agreement is found. 
By plotting (X - Xpeak) against u2 and v /2 , values of U02 and U02 are 
found. These 
values are then plotted against grid t, (see fig. 6.33). From this analysis it turns out 
that uO 2 and uO 2 vary almost linearly with grid t, and the following can be written: 
12 , uo - 0.060t, 
(6.33) 
0, 
vo - 0.034t, 
(6.34) 
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6.12 Integral Length Scalings 
As discussed in section 5.9 dimensional analysis and results show that: 
xL.. ax 
Lmax tmax 
L=Tfs3 -, N, (6.35) 
(tmax 
TI tmin 7 tmin 
) 
6.12.1 18" x 18" Minnel 
For the 18" Square grids N, T and were not varied, therefore specifically for 
these grids eqn. 6.37 can be modified to: 
By noting that: 
LX tmax Lmax 
-= fs32 - (6.36) tmax 
(im-ax 
tmin I tmin 
) 
xE Li. ) -= 
fs33 
1 (6.37) Xpeak 
(T 
t,,, i,, 
and by substituting different lengths into eqn. 6.37 it can be written that: 
L 
-, fs34 
x Lmax 
(6.38) 7, -ff , -,: 
(Xpeak' 
Lmin 
) 
This equation was used to find a collapse for the integral length data. It was 
found that the integral lengths obey an equation of the form: 
L- 2' 
V"L--r Me fff( Xpe*ak 
(see fig. 6.34). 
(6.39) 
It is concluded that the x axis scales On Xpeak and the integral lengths scale on 
the square root of the ratio of largest to smallest lengths present in the grids (L, ), 
and the effective mesh length (Mf f ). This could not be determined from the results 
of the 18" grids alone, results from the 3' grids were also used to produce eqn. 6.39 
(see section 6.12.2). 
Fig. 6.34 shows that for x> Xpeak both integral lengths are almost independent 
of x. If a power law development with x is assumed (with xO selected to be 0.0 m) 
the decay exponent is found to be ý-- 0.1, significantly lower than the values typically 
found for classical grids (Cornte-Bellot & Corrsin 1966). To all intents and purposes 
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it is concluded that for x> Xpeak both integral lengths are constant and it can be 
written that: 
0.65V"LrMeff 
and 
L,, = 0.3vfL-rMff (6.41) 
The ratio between the two integral lengths is roughly 2, in agreement with large 
scale isotropy. 
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As discussed in section 6.12.1, by using dimensional analysis and by looking at 
the results from both the 18" and 3' Square grids it was found that the integral 
lengths obey an equation of the form: 
LX (6.42) 
M, fff 
(Xpeak) 
(see fig. 6.35). 
Again, as was found for the 18" grids, for x> Xpeak both integral lengths are 
more or less invariant with x and it is found that: 
L. = 0.65VL-rMqf (6.43) 
and 
0.3 VL r Me ff (6.44) 
234 
6.13 Permanence of Large Eddies 
It would not be expected that these grids would obey the principle of permanence 
of large eddies as neither their turbulence levels not their integral lengths follow a 
power-law decay. If it is assumed that L. and U remain constant for all x and that 
u' decays exponentially (eqn. 6.19) for all x, the decay of (u'x) / (ULu) is of the form 
xe-x, as shown in fig. 6.36. 
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Figure 6.36: 18" Square Grid t, 17: u'x/UL.,, Decay 
This plot shows that the quantity (ulx)/(ULu) varies strongly with x, and as 
such shows that the Permanence of Large Eddies principle is not valid these grids. 
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6.14 Conclusions 
The Square grid is a completely unique design turbulence generator whose geometry 
can be completely defined by 5 parameters. 
CAp measurements made during testing reveal that for grids with a fixed a and 
Df, CAp increases slightly with increasing grid t,. 
Homogeneity profiles reveal that lateral homogeneity improves with increasing 
grid t, (decreasing 8t and OL). 
Production initially grows up until a down-stream location Xpeaki which increases 
with decreasing grid t,. Downstream of this location the production tends quite 
rapidly to zero. 
Isotropy measurements downstream of the grids scales on the length scale Xpeak 
(which is a function of grid t, ). u'/v' is a maximum at X` Xpeak (taking values of 
1.3-1.5), but downstream of this point u'/v' decreases smoothly with x, reaching a 
value of 1.2 at a downstream distance of 2 Xpeak- 
At downstream distances where x< Xpeak) the downstream development of all 
the lateral and longitudinal integral lengths scale on: 
(6.45) 
VýL-, ff Xpeak 
For downstream distances where x> Xpeak, both lateral and longitudinal integral 
lengths are independent of both x and grid geometry. The asymptotic integral length 
values are found to relate to grid geometry by: 
0.65VI'L-, Mqf (6.46) T, - 
and 
0.3V'LrMeff (6.47) 
i. e. the integral lengths are controlled by Mff and to a lesser extent by L, (the 
ratio Lmax/Lmin)- 
The stream-wise R, \ development varyies significantly with x. Initially R, \ in- 
creases until it peaks at Xpeak) then it decreases smoothly with x. The truly remark- 
able result is the fact that all the 18" Square grids collapse on the same Rx line for 
all x> xp,,, k. 
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The two measures of dissipation used in work disagree slightly, however the ratio 
of their values, c/c* does not have an x dependence, a fact that has significant 
consequences when it comes to reaching conclusions about how A and u' decay. 
The turbulence intensity initially grows with increasing x up to a location defined 
as Xpeak- Xpeak has been shown to be a function of grid geometry: 
Xpeak ý-- 75 
tminT 
(6.48) 
Lmin 
Downstream Of 1peak the turbulence intensity decreases, with all grids collapsing on 
the same line. 
Results show that A does not vary with x, which leads to the conclusion that 
the turbulence cannot be decaying as a power-law, but must infact be obeying an 
exponential decay. Direct measurements of the turbulence decay confirm that (for 
X> Xpeak) exponential decay is indeed occurring. 
u /2 =u0 exp 
'YlOl"(X - Xpeak) (6.49) 
01 A2U 
I 
I& In addition it has been shown that the magnitude of the turbulence intensity (uO 
V') are directly related to grid geometry by: 6 
t2 , uo - 0.060t, 
(6.50) 
12 
v6 0.034t, (6.51) 
i. e. the magnitude of the turbulence intensity is directly controlled by the grid 
geometric parameter t,. 
A consequence of the above is that R, \ also decreases exponentially with x. 
The dimensional analysis carried out on the experiment provides important con- 
clusions regarding the potential experimental parameters that may be affecting key 
turbulent quantities. These results (combined with the experimental results) pro- 
vide valuable information for any future work, regarding which parameters control 
which turbulence characteristics and which parameters are poorly understood. 
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Chapter 7 
Two Time Statistics 
7.1 Introduction 
This chapter studies how the turbulence at a fixed downstream location behind the 
grids alters with varying Reynolds number. Data was acquired far downstream from 
the grids (3.25 m in the 18" tunnel and 4.25 m in the 3' tunnel) where homogeneity 
and isotropy levels have been shown to be good. Because samples were only taken 
at one location, A (and hence RX) could only be calculated using eqn. 3.23, and not 
from eqn. 3.24. The Reynolds number was altered by varying the tunnel speed from 
6- 20 m/s in 2 m/s increments. 
7.2 Reynolds Number Dependence of Inertial Range 
Slope and Kolmogorov Constant 
This section analyses how the inertial range slope of the energy spectra and the 
Kolmogorov constant from the different grids evolves with Reynolds number. 
Kolmogorov 1941 states that: 
Ell(ki) = CkC2/3kp 
where p is a universal constant with a value of -5/3, and the Kolmogorov constant 
Ck is also a universal constant with a generally accepted value of -- 0.5 (for one 
dimensional spectra). 
Eqn. 7.1 was derived under the assumptions that the flow is homogeneous, 
isotropic and has a very high Reynolds number. If one or more of these assumptions 
is not satisfied by a given flow, then there is no reason to expect that this equation 
will hold true for that flow. If it is assumed that an equation of this form is true 
for all flows, then there is no reason to expect that either Ck or p axe universal over 
flows of varying R, \ and differing degrees of homogeneity and isotropy. 
Mydlarski & Warhaft 1996 took measurements of energy spectra behind an active 
turbulence grid and assuming that eqn. 7.1 was true for the flow, found that both 
Ck and p had a strong R, \ dependency at low R, \. They found that p increased 
with increasing R, \ and by extrapolating their results predicted that p would reach a 
value of -1.65 at R, \ - 10000, and would tend to -5/3 only as R, \ approached infinity. 
Both u' and V spectra were measured and the resulting best fit spectral slopes (p. 
& p,, respectively) were found. Due to the rotational symmetry of the active grid 
geometry, p, = p,, it was found that for all Reynolds numbers, p', > p". 
Following the method of Mydlarski & Warhaft 1996, the R, \ dependence of iner- 
tial range slope p was plotted for all the fractal grids tested in this work. An outline 
of the procedure is shown in fig. 7.1, which shows different energy spectra behind 
the 18" Square t,. 13 grid measure at different speeds. When these spectra are com- 
pensated by 5/3 (fig. 7.1(b)) it can clearly be seen that in the inertial range no flat 
region has occurred, confirming that none of the inertial range slopes are -5/3. To 
find the best slope, each spectra in fig. 7.1(a) is compensated by a systematically 
varying value until a broad flat region is displayed on the compensated plot. The 
final results are shown in fig. 7.1(c) where each spectra has been compensated by a 
different number to produce broad flat regions in the inertial range. 
Once the inertial range slope had been determined, attention was turned to 
determining the Kolmogorov constant. It is found that for the one dimensional 
spectra, Ck in eqn. 7.1 typically has a value of = 0.53, with values ranging from 0.33 
to 0.6 in grid generated turbulent flows (Sreenivasan 1995). Mydlarski & Warhaft 
1996 found that Ck is strongly dependent on RX, decreasing With increasing R, \ and 
having a value as high as 1.1 when Rx = 100. Extrapolation of their results showed 
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Figure 7.1: 18" Square t, = 13 Grid, x=3.25m, 6m/s < U,,,, < 20m/s 
that Ck tended to the accepted value of - 0.5 only as R, \ approached infinity. 
Following the method of Mydlarski, a modified form of Kolmogorovs' equation 
was used to take account of the R, \ dependence of spectral slope p. 
E11(ki) = CkIE2/3 ki -5/3 (k, 71)(5/3-pi) (7.2) 
E22(ki) = Q2 IE2/3 ki -5/3 (ki 77)(5/3-P2) (7.3) 
E33(kj) ý QUE 2/3 ki -5/3 (k, 71)(5/3-P3) (7.4) 
Using these equations, Cki, Q-2 and CO (from now on called Ck", Ck, and Ck") 
were found and plotted as functions of R, \ for all grids. 
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7.2.1 Cross Grids 
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Figure 7.2: Cross Grids: Spectral Slope R, \ Dependence. 
For all Cross grids, p,, has the same R. \ dependence irrespective of grid, this 
dependence is in good agreement with the results of Mydlarski & Warhaft 1996. 
Whilst the R, \ dependence of p,, for the different grids is generally the same, there 
is some scatter in the results but it is not possible to detect within this scatter any 
trend between the different grids. The p, results are in good agreement with, though 
axe slightly above the results of Mydlarski & Warhaft 1996. 
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The Kolmogorov constant results display quite a lot of scatter, and with the 
exception of the three iteration grid, it is difficult to reach any conclusions about 
their behaviour. It can however be said that the results are broadly in agreement 
with those of Mydlarski & Warhaft 1996, with the Ck,, values being generally lower. 
For the three iteration Cross grid, both Ck. and Ck, axe in good agreement with the 
results of Mydlarski & Warhaft 1996, with the Ck, values perhaps being generally 
lower 
A striking point revealed by these plots is the large R, \ value achieved by the 
three iteration, flL 0.0 grid. This grid achieves a value of R, \ which is over 3 times 
the value achieved by the tested Classical grid despite having a very similar Mff 
and a. 
7.2.2 3' 1 grids 
The R. \ dependence of p. for the 3' 1 grids is similar to the results of Mydlarski 
& Warhaft 1996, but generally the I grids p. values are slightly higher. It is not 
possible to determine within the small amount of scatter of the p. plot any trend 
between the different grids, it is concluded that p. is not a function of grid geometry. 
The p,, behaviour, whilst qualitatively similar to that found by Mydlarski & Warhaft 
1996, is quantitatively different. When R, \ < 350 the p, of the I grids is lower than 
that of Mydlarski & Warhaft 1996, and above R, \ 350 it is higher. There is scatter 
on the p, plot, but like the p,, data it is not possible to determine within this scatter 
any trend between the different grids, it is concluded that p, is not a function of 
grid geometry. The R, \ dependence of p,,, for all the grids lies significantly above the 
data of Mydlarski & Warhaft 1996 and with the exception of the five iteration grid, 
it can be seen that p,, is an increasing function of both grid Df and R, \. 
In conclusion, the R, \ dependence of p,, and p,, is similar to the results of Myd- 
larski & Warhaft 1996 and both p. and p,, are insensitive to grid geometry. The 
grids produce p,, values that are significantly higher than the results of Mydlarski & 
Warhaft 1996, in addition p,,,, is found to be a function of grid geometry, increasing 
as grid Df increases (with the exception of the five iteration grid). 
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The Kolmogorov constant results that are shown in fig. 7.5 reveal that Ck" = 0.8 
and is insensitive both to R, \ and to grid geometry. For R, \ > 150 these results are 
in good agreement with the results of Mydlarski & Warhaft 1996. The behaviour of 
Ck,,, qualitatively agrees with the results of Mydlarski & Warhaft 1996, decreasing 
as R, \ increases. There is significant scatter on this plot but within this scatter there 
are no consistent trends of Ck,, varying with grid geometry. Like Ck., Ck", is seen 
to be insensitive both to R, \ and to grid geometry. For all grids at all measured R, \, 
Ck. = 0.6, significantly below the values measured by Mydlarski & Warhaft 1996 at 
the same Reynolds numbers. With the possible exception of the five iteration grid, 
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Figure 7.5: 3' 1 Grids: Kolmogorov Constant R, \ Dependence. 
at all R. \, 
Ck, > Ck, > Ck,. 
In conclusion, Ck,, & Ck,, are insensitive to both R, \ and grid geometry. The 
significant amount of scatter in the Ck, results suggest that there may be a grid 
geometry dependence, but no consistent trends of Ck,, varying with grid geometry 
can be found. 
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7.2.3 18" 1 grids 
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Figure 7.6: 18" 1 Grids: Spectral Slope R, \ Dependence. 
For the 18" 1 grids the behaviour of p. is qualitatively similax to that found 
by Mydlarski & Warhaft 1996, although generally the I grids p. values are slightly 
higher, especially for R, \ < 100 and R, \ > 250. The absence of scatter on the p, plot 
suggests that p, is independent of grid geometry. 
The p, behaviour is similar to that found by Mydlarski & Waxhaft 1996, but 
there are some differences. When R, \ < 200 the p,, of the I grids is lower than that 
of Mydlarski & Warhaft 1996, and when R, \ > 200 it is higher. No trends between 
the different grids can be determined within the limited scatter of the p, plot, it is 
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concluded that p, is not a function of grid geometry. 
The R, \ dependence of p.,,, generally lies above the data of Mydlaxski & Warhaft 
1996 and it can be firmly concluded that p is an increasing function of R, \ and a 
decreasing function of grid t,. 
In conclusion, the behaviour of the 18" 1 grids p.,, and p., R, \ dependence is similar 
to the results of Mydlarski & Warhaft 1996 and in addition, both p,, and p, seem 
to be insensitive to grid geometry. The behaviour of p,, is clearly a function of grid 
t,, the higher the t, the lower p,,,. 
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The Kolmogorov constant results shown in fig. 7.7 reveal that for the 3' 1 grids, 
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Ck,,, is insensitive to both R, \ and to grid geometry. For R, \ > 100 the results 
agree well with the results of Mydlarski & Warhaft 1996. Ck, qualitatively agrees 
with the results of Nlydlarski & Warhaft 1996, decreasing as R, \ increases. There is 
significant scatter on this plot but within this scatter there axe no consistent trends 
of Ck,, varying with grid geometry. Ck,,,, is seen to be sensitive both to R, \ and to 
grid geometry, decreasing as R, \ increases and as grid t, decreases. The values of 
Ck,,, are equal to or below those measured by Mydlarski & Warhaft 1996. 
It should be noted that these grids produce flows of large R, \, especially consid- 
ering the relatively small size of the tunnel and the low blockage of the grids. 
7.2.4 18" Square Grids 
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Figure 7.8: 18" Square Grids: Spectral Slope R, \ Dependence. 
The results of p. for grids t,. 8.3,15 & 17 are in very good agreement with 
one another and with the results of Mydlarski & Warhaft 1996. The t, 2.5 &5 
grids produce values of p,, that are slightly higher than the results of the other 
Square grids. It is noted that because Xpeak is different for each grid, the location 
at which these measurements were taken (x = 3.25 m) for different grids was at 
different XlXpeak locations. For grids t,. 2.5 &5 the measuring location was very 
close to Xpeaki it may be this that is resulting in these grids demonstrating different 
p.. behaviour to that of the other grids where xlxpe,, k is much larger. 
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The results of p, for grids t, 15 & 17 are in very good agreement with one another 
and with the results of Mydlarski & Warhaft 1996. The t, 2.5,5 & 8.5 grids produce 
values of p. that are slightly below the results of the other Squaxe grids, but that 
increase with increasing grid t,. As noted above, for the low t, grids, xlxpe,, k is 
lower than for the high t, grids, it may be this that is resulting in the different grids 
behaviour. 
In conclusion, the behaviour of the Square grids p. and p, R, \ dependence is 
qualitatively the same as the results of Mydlarski & Warhaft 1996. In addition, for 
grids where the measuring location was sufficiently downstream Of xpeak7 p" and p., 
seem to be insensitive to grid geometry and are in good quantitative agreement with 
Mydlarski & Warhaft 1996. 
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Figure 7.9: 18" Square Grids: Kolmogorov Constant R, \ Dependence. 
The Kolmogorov constant results (fig. 7.9) show significant scatter in Ck., but 
within this scatter there are no consistent trends of Ck,,, varying with grid geometry. 
It is concluded that Ck. = 0.9 and is approximately insensitive both to R, \ and 
to grid geometry. The results are broadly in line with the results of Mydlarski & 
Warhaft 1996. 
Ck,, qualitatively agrees with the results of MYdlarski & Warhaft 1996, decreasing 
with increasing R. \. Ck, is seen to be sensitive to grid geometry, decreasing with 
increasing grid t,.. For low t,. grids the values of Ck, axe generally higher than those 
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measured by Mydlarski & Warhaft 1996, but for the high t, grids, Ck, values are 
found to be in good agreement with the results of Mydlarski & Waxhaft 1996, if a 
little lower. 
7.2.5 3' Square Grids 
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The p. results are broadly in agreement with, but a little higher than the results 
of Mydlarski & Waxhaft 1996. The highest t, grid has the lowest p.,, values. Again, 
the p, results are broadly in line with the results of Mydlaxski & Warhaft 1996, but 
the different grids produce different R, \ dependencies. When R, \ < 400, the p, values 
of the t, 28 grid are higher than those of MYdlarski & Warhaft 1996, whereas for 
the t, 14 grid, the p, values are lower. When R, \ > 400 p, values of both grids are 
greater than those of Mydlarski & Warhaft 1996 and are virtually identical. 
The Kolmogorov constant results (fig. 7.11) show that here is very little difference 
in the Ck,,, behaviour of the two grids, which quantitatively agrees with the results 
of Mydlarski & Warhaft 1996, but qualitatively disagrees, increasing slightly with 
increasing R, \. Ck, is seen to be sensitive both to R. \ and to grid geometry, decreasing 
as R, \ and grid t, increases. When R, \ < 400 for the t, 28 grid, Ck" values are lower 
than those of Mydlarski & Warhaft 1996, whereas for the t, 14 grid, the Ck,, values 
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Figure 7.11: 3' Square Grids: Kolmogorov Constant R. \ Dependence. 
are greater. When Rx > 400 Ck., values of both grids are virtually identical to both 
one another and to the results of Mydlarski & Warhaft 1996. 
It should be noted that for these grids, the testing location was very close to XP"'k, 
for this reason it is not considered that at this location the turbulence of either grid 
has started decaying properly. Indeed, it was shown in chapter 6 (fig. 6.5) that at 
Xpeaki production is actually greater than dissipation. The suspected high levels of 
production may be responsible for the unusual R, \ dependence of Ck.. Despite this 
caution, it can be seen that the results are in broad agreement with results from all 
the other grids. 
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7.2.6 Conclusions 
It is concluded that all results, both the spectral slopes and the Kolmogorov con- 
stant values, are broadly in agreement with previous theories and experimental 
results, particularly those of Mydlarski & Warhaft 1996. It is found that generally 
the spectral slopes p.,,, p,, & p,,, are increasing functions of R'\ which appear to be 
asymptoting to the Kolmogorov 1941 value of -5/3. It is also found that generally 
the Kolmogorov constants are decreasing functions of Rx which appear to be tending 
to an asymptotic value somewhere between 0.5 and 1.0. 
However, despite the broad agreement with past work, the large number of results 
presented have revealed that the precise R, \ dependence of spectra quantities is not 
universal. For most cases, the different dependencies are fairly subtle, however the 
results of the 18" 1 grids are indisputable. Whilst for these grids the u and v spectra 
results are in good agreement with both each other and the results of (Mydlarski 
& Warhaft 1996), the w spectra quantities are clearly functions of grid geometry. 
It is noted that for these grids (unlike for Classical and active grids for which V= 
w') v'/w' is directly a function of grid t, it may be simply this vw plane isotropy 
variation that is affecting the w spectra. Indeed for the 18" t, 17 grid, for which 
v'/w' - 1.0, the w spectra results are in good agreement with the v spectra results. 
It is therefore concluded that differences in R, \ dependence of spectra quantities are 
mainly governed by differences in isotropy. 
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7.3 Dissipation Coefficient 
7.3.1 Introduction 
The dissipation coefficient is defined as: 
cL (7.5) 
12 A (U )2 
and is hypothesised to be independent of Reynolds number and have a value of 
order unity (Batchelor & Townsend 1948). More recently, Pearson, Krogstad, & 
van de Water 2002 and Sreenivasan 1984 have found C, to have a Reynolds number 
dependence at low Reynolds numbers. The most recent of this research (Pearson, 
Krogstad, & van de Water 2002) looked at flows produced by a passive grid, an active 
grid, a pipe and a plate, and found that the value of C, decreases to an asymptotic 
value of ý-- 0.5 by about R, \ = 400. Beyond this point there is noticeable scatter on 
the results, with 0.4 < C, < 0.6 but this scatter exists for such a large R, \ range 
that it is indisputable that 0.5 is a fair average to take. Whilst this work clearly 
shows that (for high enough R, \), C, is invaxiant with R, \ and has an asymptotic 
value of roughly 0.5, it only proves that this is the case for a handful of different 
scenarios. There is no reason to expect that turbulence that has been produced 
by something as novel as a fractal geometry could not produce either a different 
asymptotic value of C, or a different R, \ dependence. C, may be unique for a given 
forcing and Reynolds number. 
The Reynolds number dependence of C, was predicted by Gamard & George 
1999, who carried out a near-asymptotics analysis of the turbulence energy spectrum 
and concluded that: 
D 3/2 6.34 ] 
7j2- + 2.2 exp 
[- 
(In R)0.87 
(7.6) 
where R is a Reynolds number defined as L/77, and D is a constant (215 was found to 
result in good agreement between the equation and experimental data). The result 
of Gamard & George 1999 agreed well with the results of Mydlarski & Warhaft 1996. 
Like Pearson, Krogstad, & van de Water 2002, Gamard & George 1999 concluded 
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that C, has a strong low Reynolds number dependence, but that at high enough 
Reynolds numbers C, was more or less insensitive to Reynolds number. 
It should be noted that C, is a difficult quantity to accurately measure as it 
incorporates two quantities, L and e that are each difficult to accurately measure 
for different reasons. Accurate measurement of e requires excellent spatial resolu- 
tion of the flow, which requires small, low thermal inertia hot wires and low noise 
anemometers. Accurate integral length determination requires long data samples in 
order to capture many integral lengths. During long sampling times hot wires are 
susceptible to calibration drift due to temperature changes that affect both the hot 
wire and the anemometer circuitry. Several calibrations have to be carried out to 
ensure calibration drift has not occurred. 
7.3.2 R-actal Grid Results 
The C, results for all the fractal grids tested in this work are shown in fig. 7.12. 
It can be seen that C, for all the fractal grids qualitatively follows the results of 
Pearson, Krogstad, & van de Water 2002, decreasing as R, \ increases. 
With the possible exception of the 3' Square grids, for all grids C, appears to be 
asymptoting to a value broadly in agreement with the results of Pearson, Krogstad, 
& van de Water 2002, ie 0.4 < C, < 0.6. Unfortunately, because no grids attained 
a sufficiently high R, \ which resulted in a broad R, \ range over which C, is constant, 
no firm estimate of an asymptotic value of C, can be made for any of the grids. The 
3' Square grids seem to be asymptoting to a C, value significantly below that found 
by Pearson, Krogstad, & van de Water 2002 and by the other fractal grids. It is 
suggested that this difference in behaviour may be caused by the fact that for these 
grids the measurement location was very close to Xpeak where it is has been shown 
that production levels are very high (see fig. 6.5). 
There are no significant differences between the different grids regarding C, be- 
haviour with varying R, \ with the exception of the P=0.0 Cross grid. For the other 
grids C, ý-- 0.5 at 200 < R, \ < 300, whilst for the 3=0.0 Cross grid C, reduces at 
a significantly slower rate with increasing R, \, with C, !: =, 0.5 at Rx ! -- 600. It is not 
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D 
0 
clear why this grid produces a different C, behaviour with varying R, %, but it does 
support the suggestion of subsection 7.3.1 that C, may be unique for a given forcing 
and Reynolds number. 
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7.4 Coherences 
Results reported in chapters 4,5 &6 showed that all grids produced flows of differing 
levels of large scale (ie u'/v') anisotropy. It is important to investigate how any 
anisotropy manifests itself throughout the turbulence scales. To do this (as was 
done by Mydlarski & Warhaft 1996) the coherence of both u and v is investigated, 
as is the coherence of velocities, transformed through 45" such that il = (u + v)/v2- 
and,; v' = (u-v)/ý, Fl The coherence between velocity components ii & ýr was analysed 
as Mydlarski & Warhaft 1996 found that the original velocity components u&v had 
no large scale coherence, whereas the 45' rotation produced the largest coherence 
values. 
The coherence is defined as: 
C12(k) = 
JE12(k) 12 (7.7) 
Ei, (k) E22(k) 
it reveals how anisotropy is distributed throughout the turbulence scales. On the 
following coherence plots, the coherences are shown together with compensated en- 
ergy spectra to give the reader a visual reference as to which scales the inertial range 
occurs at. 
7.4.1 Cross Grids 
The classical grid tested in the Wx 3' tunnel was shown in chapter 4 to be reasonably 
isotropic, with u'/v' = 1.2. This isotropy is seen in the uv coherence which is almost 
zero at all scales larger than 1071. At smaller scales, the coherence increases, then 
finally tends to zero at 77. The iii; coherence is zero within the inertial range, but is 
clearly not zero at scales which are larger than the inertial range, indicating large 
scale anisotropy. As found in the uv coherence, at scales smaller than the inertial 
range the ili; ý coherence departs from zero, then returns to zero at 77. The behaviour 
of both coherences is unaffected by changes in free-stream velocity. 
It seems that as Nlydlarski & NVarhaft 1996 found, any large scale u'/v' anisotropy 
is not reflected in the uv coherence, it is however seen in the fliý coherence, which has 
significant values at scales larger than the inertial range. Both the uv and the U, 
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coherences indicate that isotropy exists at all scales within the inertial range. The 
coherence behaviour found at the small scales is something that will be later seen 
to be common to all the results presented in this work and is worthy of comment. 
It is not possible to determine the small scale coherence behaviour of the results 
of Mydlarski & NVarhaft 1996 as there is too much scatter in the results at these 
scales. It is noted, as was described in chapter 3 that the two wires that made up 
the x-wire measuring probe used in this work were separated by a distance of 1 mm. 
Some separation is necessary as clearly two wires cannot pass through exactly the 
same location. Ideally the wires should be as close together as possible so that to 
all intents and purposes they are taking measuremants at the same point. However 
if the wires get too close then the quality of data they collect degrades because each 
wire starts to get affected by the other wires' turbulent and/or thermal wake. For 
the wires used in this work, the 1 mm separation means that measurements made 
of scales smaller than 1 mm. cannot be trusted as the x-wire used was not capable 
of properly resolving these scales. The bumps seen in the coherence plots all occur 
at scales ; ý-, 1 mm so are assumed to be caused by the wire separation, no attempts 
are made to draw conclusions about the coherence behaviour at these scales. 
Results presented in chapter 4 showed the 6L 0.0 Cross Grid to be relatively 
isotropic, with u'/v' -- 1.2. At low speeds the uv coherence is almost zero at all 
II 
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scales, but unlike the findings of Nlydlarski & NVarhaft 1996, for this grid large scale 
anisotropy is reflected in the uv coherence in the high speed case at the large scales 
and throughout most of the inertial range. This apparent increase in anisotropy 
with increasing speed is not seen in the Ur coherence, which in both cases is zero in 
the inertial range, but reaches significant values at larger scales. 
It is noted that results reported in chapter 4 showed that this grid was fairly 
inhomogeneous and also anisotropic, as demonstrated by high velocity skewness 
values at all downstream locations. The slightly unusual coherence results may be 
caused by this grid's poor homogeneity and velocity skewness levels. 
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7.4.2 1 Grids 
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For the 3', Df 1.98 1 grid it is noted that at both speeds the uv and the uw 
coherences are almost zero at all scales. At no point do the coherences of these 
velocity components suggest that the flow is anisotropic, despite the fact that large 
scale anisotropy measurements u/v' and u'/w' have a value of roughly 1.5 and 0.9 
respectively. 
Large scale anisotropy is however shown by the significant U, coherence at the 
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large scales, which extends over half the way into the inertial range, anisotropy is 
clearly encroaching on the large scales of the inertial range. The Ur coherence is 
zero within the smaller scales of the inertial range. 
The ii* coherence departs from zero only very slightly for large scales which lie 
outside the inertial range. This confirms the large scale anisotropy result of u'/w'. 
Large scale anisotropy is not reflected in the uv or uw coherences, it is however 
seen in the Ur and ii* coherences. For this grid which demonstrates vw plane 
anisotropy (ie v'/w' : 54 1.0) the fiiý coherence shows clear large scale anisotropy, 
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For the 3', Df 1.68 1 grid it is noted that at both speeds the uv coherence is almost 
zero at all scales, however the uw coherence, whilst small is not zero at most scales. 
These results suggest that the grid is isotropic in u'/v', but anisotropic in u'/w'. this 
is infact the opposite of the truth, the large scale anisotropy measurements u'/v' 
and u'/w' have a value of roughly 1.45 and 1.0 respectively. On this basis it is not 
clear why the uw coherence does not have significantly lower values. 
There is significant Ur coherence at the large scales, which extends over half 
the way into the inertial range, but is zero within the smaller scales of the inertial 
range. The ii* coherence departs from zero only slightly for very large scales which 
lie outside the inertial range. The behaviour of both coherences is unaffected by 
changes in free-stream velocity, they also confirm the large scale anisotropy result 
of u'/v' and u'/w'. 
It seems that as Mydlarski & Warhaft 1996 found, large scale anisotropy is 
not reflected in the uv and uw coherence, it is however seen in the U, and fi* 
coherences. For this grid which demonstrates vw plane anisotropy (ie v'/w' 0 1.0) 
the i1i; coherence shows clear large scale anisotropy, whereas the ii* coherence shows 
negligible evidence of anisotropy at any scale. 
Results presented in chapter 5 showed that the I grids produced different levels 
of u'/v' and u'/w' isotropy, this is reflected in the coherence plots. 
7.4.2.2 18" x 18" Minnel 
For the 18" t, 51 grid it is noted that at both speeds the uv and the uw coherences 
are zero at all scales, at no point do the coherences of these velocity components 
suggest that the flow is anisotropic, despite the fact that large scale anisotropy 
measurements u'/v' and u'/w' had values of 1.5 and 1.0 respectively. Evidence of 
anisotropy is however seen in the U, coherence at large scales, extending half way 
into the inertial range, at smaller scales the coherence is zero. The Ur coherence 
shows that anisotropy is encroaching on the large scales of the inertial range. 
The fi* coherence departs from zero only for very large scales which categorically 
lie outside the inertial range. 
In conclusion, the behaviour of all coherences is unaffected by changes in free- 
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stream velocity. Large scale anisotropy is not reflected in either uv or uw coherence, 
it is however seen in Ur and fi* coherences, which have significant values at the 
larger scales. 
For the 18" t,. 17 1 grid it is noted that at both speeds the uv and the uw 
coherences are zero at all scales. At no point do the coherences of these velocity 
components suggest that the flow is anisotropic, despite the fact that large scale 
anisotropy measurements u'/v' and u'/w' each having a value of roughly 1.4. 
There is significant Ur and ii* coherence at the large scales, which clearly en- 
croaches roughly a quarter of the way into on the large scales of the inertial range. 
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The coherences are zero within the smaller scales of the inertial range. These co- 
herences confirm the large scale anisotropy results of u'/v' and u'/w. 
It seems that as Nlydlarski & NVarhaft 1996 found, large scale anisotropy is not 
reflected in the uv or uw coherences, it is however seen in the Ur and ii* coherences, 
which display significant values at laxge scales, which extend roughly a quarter of 
the way into the inertial range. For this grid which demonstrates vw plane isotropy 
(ie v'/w' = 1.0) the behaviour of the Ur and &Cv coherences are virtually the same. 
263 
7.4.3 Square Grids 
7.4.3.1 18" x 18" Tunnel 
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Figure 7.19: 18" Square Grid, t,. 17 Coherences 
The Square t, 17 grid tested in the 18" tunnel was shown in chapter 6 to be 
reasonably isotropic, with u'/v' s-- 1.2. This isotropy is seen in the uv coherence 
which is almost zero at all scales above around 10q. 
The &7v coherence is zero within the inertial range, but is clearly not zero at 
scales which are larger than the inertial range, indicating large scale isotropy. The 
behaviour of both coherences is unaffected by changes in free-stream velocity. 
It seems that as Mydlarski & NVarhaft 1996 found, large scale u'/v' anisotropy 
is not reflected in the coherence of velocity components u and v, it is however seen 
in the coherence of ii and -; ý which displays significant coherence at scales which are 
larger than the inertial range. Both coherences indicate that isotropy exists at all 
scales within the inertial range. 
The Square t, 8.5 grid tested in the 18" tunnel was shown in chapter 6 to be 
reasonably isotropic, with u'/v' = 1.25. As was the case for the t'. 17 grid, this 
isotropy is seen in the coherence of u and v which is almost zero at all scales above 
around 1077. It is however noted that there is a bump in the uv coherence at the 
large scale end of the inertial range. This bump is not big, but is clearly present 
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Figure 7.20: 18" Square Grid t, 8.5 Coherences 
and it will be seen later that it occurs in the results of other Square grids. 
The Ur coherence is zero within the inertial range, but reaches very large values 
at larger scales, indicating large scale anisotropy. The behaviour of the Ur coherence 
is unaffected by changes in free-stream velocity. 
Large scale u'/v' anisotropy is not generally reflected in the uv coherence, it is 
however seen in the Ur coherence, which displays significant values at scales which 
are larger than the inertial range. Both coherences indicate that isotropy exists at 
all scales within the inertial range. It is not clear why there is a bump in the uv 
coherence at the large scale end of the inertial range. 
The 18", Square t,. 5 grid was shown in chapter 6 to be reasonably isotropic, 
with u'/v' -- 1.25. This isotropy is seen in the uv coherence which is almost zero 
at all scales above around 10q. It is however noted that as was seen in the t' 8.5 
Square grid results, there is a bump in the uv coherence at the large scale end of 
the inertial range. 
The Or coherence is zero within the inertial range, but reaches very large values 
at scales which are larger than the inertial range, indicating large scale isotropy. 
The behaviour of both coherences is unaffected by changes in free-stream velocity. 
Large scale u'/v' anisotropy is not generally reflected in the uv coherence, it is 
however seen in the significant Ur coherence present at scales larger than the inertial 
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Figure 7.21: 18" Square Grid, t, 5 Coherences 
range. Both coherences indicate that isotropy exists at all scales within the inertial 
range. It is not clear why there is a bump in the uv coherence at the large scale end 
of the inertial range. 
The Square t, 5.0 and 8.5 grids show reasonable levels of isotropy and this is 
reflected in the coherence plots. The coherence of uv is almost zero at all scales above 
around 1077, with the exception of there being a bump at around k77 = 40 x 10-3. 
This bump is most noticeable at low Reynolds numbers (speeds), and decreases as 
U,,. is increased. The U, coherence is zero within the inertial range. At scales above 
and below the inertial range the coherence departs from zero. There is a tendency 
for the largest scale at which Ur coherence becomes zero to decrease as the grid t, 
decreases, i. e. as the grid t,. decreases, anisotropy starts to encroach on the large 
scales of the inertial range. This anisotropy can clearly be seen in the 6m/s t,. 5.0 
grid where the U, coherence becomes zero at around the mid-point of the inertial 
range. However with increasing speed (Reynolds number) the U coherence is almost 
zero at the start of the inertial range. 
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7.4.4 Conclusions 
The coherences are a useful tool for measuring scales at which any anisotropy in 
a flow occurs at. Generally (with a few exceptions), as was found by Mydlarski & 
Warhaft 1996 the uv and uw coherence did not show any evidence of anisotropy, 
however the coherences of the rotated velocity components fi-ý and ii* did show 
evidence of anisotropy. For all anisotropic grids, anisotropy was present at scales 
larger than (and sometimes within) the inertial range. No evidence of anisotropy 
was seen at scales at the lower end of the inertial range. 
The unusual behaviour of the coherences at scales smaller than the inertial range 
can be explained due to resolution issues regarding the x-wire used to take the data. 
No conclusions can be made as to whether isotropy exists at the true small scales ic at 
scales where kq ý-- 1. This is unfortunate, as small scale isotropy is a key assumption 
of the equations used in earlier chapters to calculate dissipation and hence A. It is 
also a key assumption in the u, A decay analysis, from which conclusions regarding 
the nature of turbulence decay can be made. Whilst it is disappointing that it has 
not been possible to establish whether or not small scale isotropy exists, it is not 
surprising. The accurate resolution of truly small turbulence scales (as small as 77) 
has been an ongoing challenge for experimental researchers due to the difficulty of 
manufacturing probes of sufficiently small size that can resolve such scales. 
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Chapter 8 
Conclusions 
8.1 Summary 
This work has presented and implemented the methodology required to design three 
unique families of fractal design turbulence grids, Cross grids, I grids and Square 
grids. Key parameters, and methods for calculating these parameters have been 
identified, as have the minimum number of parameters required to fully describe 
the geometries. In addition, limitations on designs have been established which 
ensure that the geometries do not overlap on themselves. 
22 grids (21 of which were unique) pertaining to the 3 sets (Cross, I and Square) 
of fractal grids have been exhaustively- tested and the resulting downstream turbu- 
lence of each has been documented. The behaviour of these grids has provided an 
interesting and unique insight into previously unseen turbulence behaviour. Bulk 
turbulence properties have been measured downstream of all the grids and scaling 
laws of various turbulence quantities have been established, however due to the large 
number of parameters required to describe the grids geometries and the relatively 
small number of grids tested in this work, these results are by no means complete. 
What has been shown by this work and what has not been previously univer- 
sally appreciated (with the obvious exception of George 1992) is that very small 
changes in grid geometry can have a significant influence on the turbulence pro- 
duced. Specifically, looking at the 18" 1 and Square grids, it is hard to imagine that 
the very subtle geometrical differences would produce such effects. 
8.2 Key Results 
8.2.1 Cross Grids 
The development of all the lateral integral lengths scale with grid tmax- 
L Gmax) X (8.1) 
The downstream turbulence decay scales on the effective mesh length of the grid 
and the magnitude of the turbulence intensity is controlled mainly by t, and to a 
lesser extent by CAp. 
f 
(Aleff 
(8.2) 
Results suggest that the turbulence decays as a power-law with downstream distance. 
8.2.2 1 Grids 
The development of all the lateral integral lengths scale with grid tmax- 
- L-f (X) tmax tinax (8.3) 
The downstream turbulence decay scales on the effective mesh length of the grid, 
the magnitude of the turbulence intensity is controlled equally by Cap and t,.. 
apt, VfC- 
T 
(8.4) apt, Lnwx 
f( 
Afeff 
Results suggest that the turbulence decays as a power-law with downstream distance. 
8.2.3 Square Grids 
The turbulence intensity initially grows with increasing x up to a location defined 
as Xpeak. This location has been shown to be a function of grid geometry: 
Xpeak = 75 
tminT 
(8.5) 
Lmin 
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At downstream distances where x< Xpeaki the downstream development of all the 
lateral and longitudinal integral lengths scale with Xpeak- 
L 
e%j - 
27 ) (8.6) 
, IL-, - M, fff 
(Xpeak 
For distances where x> Xpeak, both lateral and longitudinal integral lengths are 
independent of both x and grid geometry. The asymptotic integral length values are 
found to be related to grid geometry by: 
L ý-- 0.65V7L-,. Afeff (8.7) 
and 
L,, = 0.3VL--, Afeff (8-8) 
ie the integral lengths are mainly controlled by Afff and to a lesser extent by L, - 
(the ratio L 
Results have shown that the Taylor micro-scale A does not vary with x, leading 
to the conclusion that the turbulence cannot be decaying as a power-law, but must 
infact be decaying exponentially. The possibility of exponentially decaying turbu- 
lence was first considered by (Wang & George 2001) and (Wang & George 2000). 
Direct measurements have confirmed that (for x> xj>eak) exponential turbulence 
decay is indeed occurring. 
u 12 =u0 exp 
^110V(X - Xpeak) (8.9) 01 A2U 
I 
In addition it has been shown that the turbulence intensity magnitude is directly 
controlled by the grid geometric parameter t,.. 
P2 , uo - 0.060t, (8.10) 
12 v6 = 0.034t,. (8.11) 
8.2.4 Objectives Met 
One original aim of this work was to find grids which produced high Reynolds 
numbers and/or spanned large ranges of Reynolds numbers. High Reynolds numbers 
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(considering the tunnel sizes and speeds) have certainly been achieved, the 3 iteration 
Cross grid is probably the best example of this, having attained a Taylor microscale 
Reynolds number of almost 800. The objective of being able to span large Reynolds 
number ranges has also been proved to be possible, specifically with the Square grid 
geometry. Results show that for this family of grids, Reynolds number is a function 
of both tunnel velocity and downstream location. It can therefore be expected 
that through a combination of varying the speed of the tunnel and by varying the 
measuring location, a large Reynolds number range can be spanned by one grid 
geometry only. 
It was stated in chapter 1 that there is no reason to assume that the turbulence 
produced by a grid of a certain geometry is the same as that produced by another 
geometry. This work has shown that the turbulence produced by different grid 
geometries is indeed different and that very powerfully it has been shown that key 
turbulence parameters are affected/controlled by geometric parameters of the grids. 
It was a primary aim of this work that the new grid geometries produced werc 
likely to have real applications, by ensuring that the grids are cheap, light and 
strong. These criteria were all satisfied, the 18" grids (either I or Square) each cost 
$100 to manufacture and weighed 0.3 kg, and were sufficiently strong to withstand 
wýind tunnel speeds of at least 25 m/s with no external structural support. 
For certain applications it may be an additional advantage for the pressure drop 
across the grids to be low. The pressure drop of the fractal grids was generally 
greater than that of classical grids of equal blockag;. Whilst the fractal grids do not 
directly result in a lower than usual pressure drop for a given blockage, the positive 
characteristics of the grids result in an effective C, &p advantage. For example, if a 
fractal grid and a Classical grid were designed to achieve a certain Reynolds number 
and/or turbulence intensity, it would be possible for the fractal grid to have a lower 
blockage (and hence CAp) than the Classical grid, whilst still meeting the design 
requirements. Therefore on balance, for a given performance, the pressure drop 
required of a fractal grid would be lower than that required by a Classical grid. 
It is concluded that the ultimate goal of developing a unique, cheap, light grid, 
which can be geometrically described with only a few parameters, that has the 
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potential to further the understanding of turbulence and has the potential to be able 
to create a desired turbulence (as controlled by the grids geometric parameters) for 
use in real world engineering applications has been achieved. 
8.3 Implications 
It has been shown that bulk properties of the turbulence produced downstream of 
the fractal grids are a function of the geometry of the grids, different parameters 
control different turbulence quantities. This result means that it is possible to pre- 
dict the turbulence produced by a fractal grid based on its geometric parameters. 
In principle therefore, it is possible for a grid to be designed to produce a specified, 
desired turbulence. Whilst this concept was possible for Classical grids, the addi- 
tional parameters required to specify a fractal grids geometry enable a much greater 
freedom of design. The implications of this are potentially huge, especially when 
the actual grids themselves are so cheap to manufacture. Clearly there will be lim- 
itations on the turbulence that is possible, as dictated by geometrical constraints, 
however the possibilities are still vast. It would be very easy and indeed has al- 
ready been party done, to produce a computer code, the inputs of which are desired 
turbulence behaviour. The code would (using experimental results) calculate the 
necessary grid geometry which would achieve the desired turbulence, it would pro- 
duce an AutoCAD file of the geometry which could then be sent to a manufacturer 
and the grid would be made. Whilst no specific applications have been identified, 
likely candidates are chemical mixers and heat exchangers. 
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8.4 Further work 
8.4.1 Experimental Methods 
It has been seen that the hot wires used in this work were not capable of fully 
resolving the small scales of the turbulence, this may have resulted in errors in the 
dissipation estimates and has also meant that it was not possible to conclude whether 
the flows were truly isotropic at small scales. These problems are not unique to this 
work, small scale resolution is a problem for all turbulence experimentalists. There 
is a need to use smaller hot-wires, and/or different measurement techniques to test 
these grids, specifically with the aim of obtaining better small scale resolution than 
was achieved in this work. This should result in more accurate dissipation estimates 
and may be able to establish whether or not small scale isotropy exists. 
More advanced techniques such as PIV could also be used to take measurements 
in planes around a point of interest enabling spatial gradients to be measured. This 
would result in it accurate measurements of dissipation and production being made 
which involved all terms of the energy equation, unlike this work where in order 
to estimate dissipation and production assumptions and simplifications had to be 
made. 
8.4.2 Additional Measurements 
To further confirm the conclusions of this work it would be valuable if measurements 
could be made further downstream of the grids. A'longer measured decay region 
would improve the accuracy of the analysis of the A and the turbulence intensity 
decay, specifically the values of x0, s and n. It would also solidify the results of the 
Square grids that the turbulence intensity (downstream Of Xpeak) decays exponen- 
tially, and that for all grids turbulence intensity follows a common decay profile. 
8.4.3 Additional Grid Designs 
It has been shown to be possible to find key scaling laws for these grids, however 
due to the large number of parameters required to describe the grids geometries 
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and the relatively small number of grids tested in this work, the results are by no 
means complete. The Cross grids require four parameters (T, N, t""', tmin) to fully 
describe their geometry, therefore if it is considered that a minimum of four different 
variations are required to establish a trend, to fully test them it will be necessary to 
design and test a minimum of thirteen different Cross grids in order to fully establish 
how the geometry affects the turbulence. Likewise, for the I and Square grids, which 
require five parameters to fully describe their geometry (T, N, tmax, tmin, Lmax), a 
minimum of sixteen different grids of each type would be required to be designed 
and tested in order to fully establish how the geometry affects the turbulence. 
Once the dependence of all grid parameters on different turbulence quantities 
have been fully documented, then it will be possible to design grids to carrying out 
specific tasks. An obvious example would be a grid that produces high Reynolds 
numbers for the purposes of studying high Reynolds number flows. 
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